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FOREWORD 

The following report constitutes Part 1 of the 
filial report of an "investig^tion of infrared sensitive 
Shotocathodi? covering the period January 1, 1951 to 
ecercbcr 31» 1952. This period is that in which 

experimental work was conducted. During a part of 
this period Robert 0# Leach was employed part time, 
especially in connection with the work described in 
Section k.3. 
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1 
PHOTOtlCfSilrt SURFACES 

1. INTRODUCTION 

An initial step in the preparation of the infrared- 
sensitive Ag-O-Cs photocathode involves the oxidation of 
silver» The present report deals with the oxidation of 
silver by methods" used in photocathode preparation and by 
related msthods which contribute to an understanding of 
the processes and products which are involved, The silver- 
oxidation process constitutes, however, only one step in 
a more general study of the preparation and properties 
of Ag-O-Cs photocathodes» In order to place the present 
report in its proper perspective, it seems desirable to 
describe briefly the over-all objectives of the general 
investigation and the manner in which the experiments 
developed. This, together with a discussion of report 
organisation, constitutes the remainder of the Introduction. 

Even before the investigation of infrared-sensitive 
photocathodes was begun two aapecte to the problem were 
recognised* The first of these arises because the 
chemical constitution and properties of the substances 
which might be encountered were not well established» 
For example, an oxidation process in which silver is made 
ths cathode in a glow discharge through oxygen is a 
somewhat unusual one. There is no assurance that the most 
common oxide of silver, Ag20, will be produced. Other 
oxides, perhaps not previously known, might well be {and 
are) formed. Moreover, the chemistry of cesium compounds 
has not been extensively studied, although several oxides 
were known to exist. These deficiencies in chemical 
knowledge required some auxiliary studies on systems in 
bulk, in contrast to the photocathode investigation which 
involves thin films. The second aspect to the problem 
Involves the study of the preparation and properties of 
ths photocathode itself. Despite the apparent simplicity 
of the process It is found in practice that the 
preparation of infrared-sensitive photocathodes is not 
easy. Reprodueibility may be poor even when rather 
careful control is apparently exercised at each stage» 
Spectral sensitivities reported in the literature by 
different Investigators may differ greatly and, even 
within the same laboratory, large and unpredictable 
differences are encountered without recognisable reason.' 
Much evidence exists that concealed variables operat® 
which are uncontrolled because the chemical and physical 



1 nature of the basic processes are not understood. In 
order to remedy this situation a careful step-by-step 
investigation of the preparation of photocathodes 
seemed called for« It is also important to identify 
the solid phases in the cathode and to determine its 
chemical composition« Such a program has been carried 
through and has met with a considerable measure of 
success, especially during the last year of experimental 
investigation. 

The investigation of the preparation, composition 
and properties of the photocathode is described in 
two  reports. This is the first and deals with the 
oxidation of silver. The second deals with the 
development of infrared sensitivity during the addition 
of cesium and also with the composition of the final 
cathode. 

Another group of two reports deal, respectively, 
with the crystal structures of two oxides of cesium, 
C82O and C83O. We wish to acknowledge here a grant from 
the University Committee for Allocation of Research. 
Foundation Grants which enabled Dr. Khi-Ruey Teai to 
carry out a portion of the work reported by him 
on oxides of cesium. In the ease of both oxides the 
structures have been established and the atomic positions 
determined with considerable accuracy. Much useful 
information concerning their preparation and chemical 
properties has also been collected, 

The nature of the reports in the two grouns is 
quite different. Crystal structure determination lends 
itself to brevity of reporting while the photocathode 
investigation, because of its complexity, does not. It 
seems essential to report the experimental investigations 
on photocathodes in considerable detail. Moreover, 
general conclusions usually can not be trusted unless 
fl) reproducibillty is established and (2) all of the 
established facts can be fitted into the ,^eneral 
framework. Item (2) involves reconsideration of a number 
of early experiments which were described in progress 
reports but which were not well understood at the time and 
which were sometimes interpreted incorrectly. This leads 
to a detailed and bulky report. The alternative, which 
Involves abstracting a* few of the more significant 
results with a few illustrative examples, was considered 
and rejected as beiJiF? much less satisfactory. In order, 
however, to avoid becoming lost in a mass of detail it 
seems desirable, in the introduction» to summarise a few 



of the important results and to discuss the chronology 
of the experimental work. This serves as an introduction 
to the present report (Part I) and to the next report 
(Part II). These two reports are, in fact, closely 
related. Both deal with the preparation and properties 
of photocathodes. Emphasis is on silver oxidation in, 
Part I, and on the chemical and physical changes 
accompanying cesium addition in Part II. 

1.1 Chronological Development 
of Experimental Work 

The oxidation of silver was one of the first steps 
to be studied in the present program. The products of 
oxidation of silver wires by means of osone and also by 
radiofrequency (rf) glow discharge were investigated by- 
x-ray and electron diffraction. It was established that 
both Ag2^ and another oxide were formed in two lavers, 
Ag2^ heing adjacent to silver and the other oxide being 
in the ot-fter layer. In the absence of detailed 
information concerning the structure and composition of 
the second oxide, it has been designated as the "^ 
phase oxide. Preferred crystal orientation in evaporated 
silver films was also studied and was found to be absent 
when silver was deposited on glass but was present when 
silver was deposited on a rocksalt substrate. On 
oxidation no preferred orientation in the oxide was found 
in either case. These results have been discussed in 
another report"1-,. It was also established by x-ray 
studies that cesium formed no alloy with silver, nor was 
it soluble to any significant extent, in solid silver, 
Moreover, an x-ray study of the products obtained on 
adding cesium to Ag^O showed that at temperatures below 
65°C a protective film of a higher cesium oxide, nerhaps 
CS2O3, formed which prevented further reduction of AgoÖ. 
At higher temperatures the reaction rate increased and 
lower oxides were formed, apparently tending toward the 
ohase,equilibrium to be expected for the cesium-to-oxygen 
atomic ratio of the sample*. The final reduction product 
of AggO was metallic silver. No evidence was found for 
any compound which involved silver as well as cesium and 
oxygen, although a solid solution of a small amount of 
silver in CsjO or other cesium oxides could not be 
excluded. 

At the beginning of the present contract, therefore, 
it was the general conclusion that the silver oxides 
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functioned chiefly as a source of oxygen which combined 
with cesium as the latter was added, "Since preferred 
orientation was destroyed on oxidation and since oxygen 
was removed from silver bv combination with cesium, there 
was no obvious reason why the silver-oxidation should 
excercise much influence on the finished photocathode 
as long as enough oxygen was taken up. On th8 basis of 
this tentative (and false) hypothesis, attention was 
therefore turned toward the next objective, namely, 
the determination of cathode composition and the identi- 
fication of solid phases in the finished cathode. 

Several photocathodes were prepared in order to 
develop the technique. Both semitransparent cathodes 
and "massive" silver cathodes (using silver sheet as the 
base) were prepared. In these experiments there was a 
noticeable tendency for the massive cathodes to have 
much higher infrared sensitivity than the semitransparent 
cathodes. It became clear that we could not rely on the 
instructions which aooeared in the literature for the 
«reparation of infrared-sensitive cathodes. Some rather 
crude exploratory experiments on the effect of excess 
cesium on massive cathodes were therefore conducted in 
order to orovide the basis for further development of 
the technique. A search for the source of trouble in 
semitransparent cathodes was also begun. One difficulty 
which was encountered lay in oxidizing a thin silver film 
of initial white light transmission of 50$ to 90$ 
transmission» Hence for the second time attention was 
turned to the study of the silver oxidation. It was 
thought that the relative proportions of AggO and *f 
phase mentioned previously, might constitute an 
uncontrolled variable, detection of these two solids 
in a thin film auch as that encountered in a semitransoarent 
cathode is, however, a difficult undertaking. The use of 
x-ray diffraction did not, at first, seem hopeful since 
even lone: exposures to x-rays incident perpendicular to 
the film gave only a few weak lines mostly due to silver. 
The weakness of the x-ray lines arises because of the 
verv small rruantity of material in the x-ray beam. The 
feasibility of x-ray methods was only established when 
it became evident that even in a semit.fansparent cathode 
a considerable total quantity of oxide was formed although 
the amount ner unit area was small. If large enough 
crystals were formed, then by scraping material from a 
large area and loading it into a thin-walled capillary, 
an ideal powder sample could be obtained for x-ray 
diffraction. This offered manv advantages over either 



t electron diffraction or grazing incidence x-ray 
diffraction. The x-ray study of oxidized silver 
films by this method has been very successful and has 
constituted the proving ground for this method, which 
was later used with good success in studying; the 
finished photocathode. 

In the x-ray diffraction investigation, silver 
films of graded thickness were studied in order to 
obtain the effect of varying thickness within the same 
film. Oxidation by ozone, rf glow discharge, and dc 
glow discharge were all studied. Films oxidized to 
90$ transmission in ozone were found to contain 
residual silver in considerable proportion while a film 
oxidized extensively in an rf discharge was found u 
contain no residual silver and to have less than 90/6 
transmission. This suggested that light transmission 
goes through a maximum as oxidation proceeds and this 
was established in several experiments with a dc clow 
discharge, ^emitransparent photocathodes still proved 
inferior to massive cathodes, however, even with a better 
controlled oxidation. 

It was decided at this point that the cesium 
addition step reouired better control, so a studv of the 
development of thermionic emission ana photoelectric 
sensitivity of massive cathode tubes was undertaken 
using fine capillaries to control the rate of addition 
of cesium and a system of light filters to follow the 
photosensitivities durin? cesium addition at 190°C. This 
system was perfected to such a degree that both the amount 
of cesium and oxygen present could be accurately measured, 
and much valuable information was obtained concerning the 
effect of process variables and also considerable 
information concerning the mechanism of reaction. One 
interesting conclusion is that the reaction of cesium 
with silver oxide in the photocathode is slow, ^v^n with 
the finest capillary which was used the reaction with the 
cathode was the rate determining step. The results 
strongly suggest a diffusion controlled solid state 
reaction. This in turn implies that crystals occur in 
the cathode whose sizes are sufficient to permit the 
accumulation of an intermediate layer of such thickness 
that diffusion through the layer is slow compared to the 
rate of addition of cesium. This agrees well with x-ray 
diffraction studies on both the oxidized silver films 
and on the finished cathode. The results of this study 
are described in the second report. (Hart II of this 
series). 

s*. 



t At the same tin«, in order not to further delay 
the composition study it was decided to carry out the 
investigation using a radioactive cesium tracer on a 
massive cathode, prepared, however, by evaporating a 
thick silver film on glass. As this study developed 
it became desirable also to limit cesium flow by a 
fine capillary, and to follow the development of photo- 
sensitivity with light filters. Much additional 
information was obtained in this way. In fact, the 
two lines of investigation complemented each other in 
a highly satisfactory way. In the meantime, quantitative 
means for the measurement of oxygen deposited in glow 
discharge oxidation of silver had to be developed and 
tested* Moreover, the rate of decomposition of the 
oxide at the temperature of cesium addition (190°C) had 
to be studied. Hence for the third time the oxidation 
of silver vas st.udied. The thermal decomposition of 
silver oxide was also studied. The amount of oxide 
formed by the passage of a given quantify of charge in 
the srlow discharge was obtained and also the 
decomposition rate of the oxide was measured at various 
temperatures. The objective of these experiments was 
oractical. The purpose was to control the extent of 
oxidation and to verify that the extent of thermal 
decomposition was negligible, i.e. that oxygen remained 
on the cathode during cesium addition at 19Ö C. No serious 
attempt was made to investigate the mechanism of either 
the glow discharge oxidation or the thermal decomposition« 
Nevertheless, the results may be of some practical 
interest to others and hence are presented in Section 3 
of this report. 

During the course of the cesium tracer experiments 
a phenomenon ^as encountered which throws considerable 
lii*ht on the difficulties experienced in the preparation 
of infrared-sensitive semitransparent, cathodes. Using 
an evaporated silver film of several thousand Angstroms 
thickness, four photocathodes were prepared in order to 
develop the technique. The last of these developed 
infrared sensitivity after heating, so the tracer 
experiments were started. The next ten tubes were of 
very poor quality, comparable with or worse than the 
semitransparent ohotocathodes. &very variation 
conceivable at the time was tried in order to correct 
this defect but without effect until the thickness of the 
evaporated silver film was increased. The infrared 
sensitivity immediately rose to that for a good massive 
cathode tube and regained there for all the remaining 
tubes (ten or more). Thickness, ho\»rever, is not the 
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»significant variable because a silver film even thinner 
than the original and evaporated at a. very low rate 
gave a very good infrared-sensitive cathode comparable 
with a massive cathode« This cathode was semitransparent 
when completed. although with a considerably thicker film 
than the normal seraitransparent cathode. This constitutes 
a clear-cut case in which the condition of the silver base 
determines the subsequent development of the cathode to 
such a degree that none of the intermediate variations 
could significantly alter the final product« For this 
reason alone the set of experiments described is very 
useful. In addition, however, the composition of the 
photocathode was determined, the ratio of the number of 
cesium atoms to the number of oxygen atoms being about 
1*6 - l.ft for good infrared-sensitive cathodes. The 
experiments are described in Part II» 

I finally, an x-ray investigation Of the finished 
photocathode revealed, for lnfrared~sensitive photocathodas* 

I only C5s2° and silver« Some other constituent, either 
I silver oxide or a higher cesium oxide* must be present 
V in order to account for the radio tracer experiments, 
i but the proportion is too small to be detected in the 
i x-ray experiments. This work, together with the 

radioactive cesium tracer work, is described in Part 
i XI« 

t final chemical picture of the photocathode is 
as follows. The most infrared-sensitive photocathodes 
contain CsaO which is very probably the source of 
püotoelectrons. The cathodes also contain another oxide, 

•1-   - perhaps Cs^Oj, in intimate contact with C©20. The second 
* oxide also"has an important function which will be 

dismissed in Part II. These conclusions concerning 
cathode composition are supported by additional data 
which are also discussed in Part II« 

1*2 Organisation of Report 
on Silver Oxidation 

Frora the above description öf the manner in which the 
research developed it is evident that the silver oxidation 
fseocess has been studied' on three different occasions. 
n ©ach case the objectives were different and different 
apparatus was used. This complicates to some degree the 
problem of organizing a report on the subject. To avoid, 
confusion it seems worthwhile to indicate in more detail 
the manner in which the report is organised« 

To eliminate repetition in the description of 
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apparatus the experimental techniques are described 
together in Section 2 and reference to this section 
is made thereafter in the following text, 

Aftefra considerable number of trials the dc 
(slow discharge Was adopted as the oxidation procedure 
for the preparation of tubes having both semitransparent 
and massive cathodes. The reasons for this selection 
together with a description of control methods an1 
results oh the rate of oxidation and of thermal 
decomposition of oxide are given in Section 3» 

The results of an x-ray diffraction study of 
oxidation products are given in Section 4» 'In this 
study attention was not confined to the glow discharge 
oxidation. Instead, a variety of oxidation methods, 
including ozone oxidation," were studied. This was 
necessarv in order to investigate the number of solid 
phases present in the oxidation products. New solid 
phases, not previously obtained, have been found. Some 
useful qualitative results pertaining to particle sizes 
and optical properties have also been obtained. 

In Section k.5 a brief summary is given, of the 
effect of silver evaporation and oxidation on photocathode 
properties. *hUt  point i3 discussed in more detail in 
Part II. 

Section 5 contains an appraisal of the present 
status of the problem and suggestions for further work* 
Conclusive evidence that the silver evaporation process 
has a decisive effect, on the finished cathode was obtained 
rather late in the experimental investigation. As the 
result, some gaps in our study of silver oxidation were 
indicated which there was no time to fill. These are 
pointed out in Section 5» 

ry vya^r'T1. Wl* ' T    ^"Jl^'s'TV3 £ a      ii'iAi   iiiii-isliii i «AJJ   via ' i*v> HO 

In this section the details relating to the 
experimental equipment and procedures used to study the 
oxidation of the silver are discussed. The organization 
of the  section is based upon the order involved in 
performing the experiments. The topics considered are 
as followsi   (1) tube design, (2} vacuum systems, (3) 
oxidation methods, (JÜ ©reparation of silver surfaces, 
(5) oxide decomposition, and (6) x-ray diffraction 
characterisation. This organization was adopted in 
order to avoid unnecessary duplication in the description 
of the experimental results ©resented in subseouent 
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eoeticns. A detailed discussion of the micro Plrani 
gauges used to measure the pressure changes during 
oxidation is given in Appendix 1. 

2.1 Design of Tube« 

In the course of the oxidation studies three 
distinct tube designs hare been used* The tubes were* 
for the most part» not designed specifically for studies 
of the oxidation process, but rather for the investigation 
of the preparation of different types of photocathodes. 
For this reason, it is convenient to describe the tubes 
by the following names: massive silver cathode, radioactive 
tracer cathode, and evaporated silver wedge cathodes« 

The massive silver cathode tube corresponds to the 
simplest design possible for the preparation of the 
infrared-sensitive Ag-O-Cs photocathode. The design of 
this tube is shown in Fig, 1A. The cathode surface is 
formed by mounting a silver sheet approximately 4x5 cm 
in a tantalum wire frame which is spot-welded to a nickel 
lead-in wire. The silver used was 0.010-inch thick 
"fine quality" silver sheet from the Handy and Harmon Co. 
Sew York, N#T. This tube design was used* for the 
investigation of the general characteristic of the glow 
discharge oxidation of massive silver. In addition, a 
similar tube design was used to investigate the 
relationship between the tube gross composition and 
the photoelectric and thermionic emission* 

The thick evaporated silver cathode tube design 
was utilised in the radioactive cesium tracer studies 
of the gross composition of the phctosurface. This 
tube design is shown in Fig. IB. The cathode consists 
of a thick silver film evaporated on a definite area of 
a 3/4-inch diameter microscope cover glass. The cover 
glass holder for the silver evaporation is so designed 
that a narrow silver tongue extenting to the edge of the 
glass disc is formed during the evaporation. This 
tongue is used to make electrical contact with the 
tantalum clips in which the cover glass ip mounted. 
The ares covered by silver in the evaporation process is 
2,$4 cm* and is accurately reproducible since the same 
template is used in each case to define the area» Since 
it was very important thfet the oxygen during the oxidation 
be deposited quantitatively on the silver cathode« 
tantalum was used in the construction of the auxiliary 
elements of this tube. This tube design was used to 
investigate the rate of the decomposition of the 
oxidized silver at 190°C. A similar tube in which the 

äf* 



§ A. Massive  Silver Cathode 

-Nonex beaded tungsten 
7S 

-Silver sheet cathode 
Nickel anode — 

^/•-Pyrex -i 

Tantalum frame 

~w 

B. Thick  Evaporated Silver Cathode 

«   ^  Tantalum anode 

(f     ]K —Microscope cover 
\JI «loss 

Evaporated 
silver cathode 

-tn*J   I> 

>—Tantalum clips 

-Tantalum lead 

C. Evaporated Silver Wedge Cathode 
/•—' " s • 

f>    evaporated gold 
cathode contact 

Silver evaporator 

Tungsten cathode 
lead 

M> 

•Tantalum frame 

Nickel silver 
director box 

FIGURE   I.    Tubes Used in Silver Oxidation Study 
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cathode surface was replaced by a massive silver dive 
was used to Investigate the rate of oxidation in the 
glow discharge and the decomposition of the oxide 
[formed in the glow discharge) at 190*C and higher 
temperatures» 

The evaporated silver wedge cathode tube design 
has been utilised in the investigation of the surface 
formed in the controlled glow discharge oxidation of 
thin silver films. This tube design is shown in 
Pig* 1C, The silver surface is formed by the 
high-vacuum evaporation of a silver film of graded 
thickness (wedge) on the front interior surface of the 
tube envelope» *s shown in Flg. 10 the silver 
evaporator consists of a silver bead fused to a 
tantalum wire and mounted in a nickel box which diflnes 
the shape and extent of the silver film« The film 
thickness decreases as the distance from the bead 
increases« Electrical contact with the evaporated 
silver is obtained by the overlapping of the silver 
deposit onto an evaporated gold *U» which makes 
electrical contact with a tungsten lead-in wire 
sealed through the pyrex tube wall. The anode is 
formed by a tantalum wire block w0" which is spot- 
welded to the front lead-in wire for the silver 
evaporator unit. The drawing of Pig. 10 ia schematic 
and is not to scale« A scale drawing of the tube is 
given in the second report of this series. 

2.2 Vacuum Systems 

Experiments relating to the oxidation orocess 
have been performed using two different vacuum syetems. 
I was designed for the preparation of massive silver 
and semitransparent cathode phototubes» whereas 
vacuum system II was designed for the investigation of 
the photoeathode gross composition using radioactive 
cesium. The components and characteristics of the 
two systems are described in this Section. 

Schematic drawings of the two vacuum systems are 
shown in Pig. 2«  In system I a D.P.I. GF25* triple- 
stage oil-diffusion pump is connected through a large 
bore stopeock to a manifold with a total volume of 
1*0 liter, whereas in system II a two-stage mercury- 
diffusion pump is connected, through a triple-* Jtfact 
liquid air trap and a large-bore stopcock» to a manifold 
with a total volume of 0.230 liter. The pressures 
below 6xlQÄ*mm Hg were measured using a D.P.I» V81A 
Ionisation gauge. In system I the pressure range 
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1~4G0 microns was measured with a Cenco thermoco; 
gauge unit, but for system II a calibrated D.P.X*yf; 
Pirani gauge vras used« 

: Th« oxygen pressures (1*0 to 0.4 mm Hg) 
during the oxidation step were measured using micro 
Pirani gauge tubes designed by Dr. Sam« N aid itch while 
«•ployed by The Ohio State University Research Foundation. 
For System I the micro Pirani gauge circuit inv&lfc^ft 
th« UB« of an unbalanced bridge circuit, the actual,"";":•. 
pressure change during oxidation being determined/-ftAWt 
the change in the deflection of a galvanometer;  ,4 
connected across the bridge. With this gauge it Wasf 
possible to measure the pressure in the range from 
0.5 to 0.Ö mm Hg to an accuracy of *4 microns* In 
system II it was necessary for the quantitativ1* Study 
of the composition of the cathode to obtain a•• tn&&*•.-'••-•:-' 
precise determination of the oxygen pressure» Thj* 
micro Pirani gauge circuit for this system involved ;':$he 
use ojf a balanced Wheatstone bridge circuit, the aetütiai 
pressure change during oxidation being determined by; 
the change in resistance required to rebalance the 
bridge. In actual uss» this gauge was recalibrated * 
each time that a set of oxygen pressure measurements 
was performed. For the pressure range 0.6 to Qi^ a» Pg 
this gauge had sensitivity of 1.7 cm galvanometer . ?< 
deflection per micron. However, because of varies ;V 
factors the actual accuracy was *1 micron. 

A detailed discussion of the two micro Pirahl 
gauges is presented in Appendix I to this repo*rife> 

In the preparation of transparent cathode ttttfees 
otl system I the transmission characteristics of the 
evaporated silver films were measured using a phototube 
with an 3-4 surface and a ÖK-Ö2-6CP light bulb 
operated at 6 volts. The current from the photocell? 
was measured by means of a No.3402 HH Rubicon 
galvanometer with a sensitivity of 0.006 ua/ma 
and an Aryton shunt. . ' '.,'.. 

To outgas the experimental tubes which were 
sealed to the vacuum system a three-inch diameter 
quarts tube resistance furnace was used» The tubes were 
outgassed at 400-450°° for at least two hours or until 
the oressure was less than SxlQ-^mm Hg as measured with 
the VttlA gauge. In general »^the final pressure after 
out gassing was less than lO**0?® Hg. 

For system I the oxygen for the silver oxidation 
was obtained by heating KMnO^ pellsts in a side tubs as 
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shown in Fig, 2. In system II commercial tank 
oxygen, passed through & Brierite drying colon» **© Used« 
This choice of oxygen source involved a problem of 
convenience in performing the experiment* * During the 
preparation of each tube on system II the total volume 
of the system was determined by a gas expansion method 
in addition to the recalibration of the micro Pirani 
gauge, and it was more convenient to use tank oxygen. 
It has also been established experimentally that the 
same oxide phases are formed during oxidation with the 
oxygen from the two different sources. 

~*~ In the course of the radioactive tracer experiments 
an auxiliary vacuum system was constructed for the 
oxidation and heat treatment of the thick evaporated 
silver cathodes prior to mounting in a tube envelope* 
This system consisted of a manifold connected through 
a large*bOre stopcock to a liquid-air trap and a . 
single-stage mercury-diffusion pump. The female*end of 
a 32«on standard tape joint with a long central cathode 
wire sealed into the base was attached to the manifold 
by a 15-oua bore'side tube. The male end of the Joint 
was extended with a piece of 32-mm tubing and a 
tungsten anode wire mounted close to the wall. The 
lengths of the tungsten wires were so chosen that a 
thick evaporated silverfilm cathode could he mounted . 
on the cathode lead-in wire, the male tube portion 
placed in position, and the cathode oxidised in a glow 
discharge. The distance from the silver cathode to the 
standard taper Joint was sufficiently long so that the 
Joint was not appreciably heated during the heat 
treatment of the cathode. The oxygen for the oxidation 
was obtained by heating KMnQ^ pellets* An Octoil-3 
manometer was used to measure the oresSure for the 
oxidation operation. This system was used only for the 
pretreatment of silver sheet on film before the final 
oxidation in vacuum system II. Repeated oxidation and. 
thermal decomposition of the oxide made it easy t© 
perform the final oxidation uniformly. 

2.3 Oxidation Methods 

In the experimental investigation of the oxidation 
procoss oxide surfaces have been formed by (1) the 
"osonised" oxygen oxidation of silver wires and     < 

|L evaporated silver wedges, (2) the welectrodelessn 
I Crf) glow discharge oxidation of silver wires and thin 

evaporated silver films, and (3) the de glow discharge 
oxidation of massive silver, evaporated silver films, 
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and evaporated silver wedges. In the remainder of this 
report the oxidation methods are designated by the 
following names: 0^, rf, and dc glow discharge oxidations* 
The equipment and procedures for these different 
oxidations are described in the following paragraph«* 

For the Oj  oxidation the apoaratus shown in Fig, 3 
was used* In this system commercial cylinder oxygen 
was pasaed through a series of P2O5 drying tubes," 
through a silent discharge osoniser, and then either 
through a bubbler to add water to the gas or direetly 
to the reaction chamber. The silent discharge type 
OBOniiser was operated with a 15,000-volt neon sign 
transformer. The oeone oxidations were performed by 
the insertion of the sample into the reaction chamber, 
flushing the system with oxygen, and then oxidising 
the sample for the desired time with the O3-O2 mixture 
formed in the oaoniser. Samples prepared at elevated 
temperature were allowed to cool to room temperature 
in the O-j-Og stream prior to removal from the reaction 
chamber. 

A sketch of the apparatus used for the studv of 
the rf oxidation of silver wires is shown in Fig. 3B*. 
In this apparatus the silver wire sp<rmle was mounted 
between the ends of a chromel-aluael thermocouple 
in the oxidation chamber. By measuring the 
thermocouple «mf it was possible to determine a 
temperature for the wire sample during the bombardment 
in the glow discharge. It was established 
experimentally that for a given oxygen pressure and 
rf power the «mf develrped was the same for both silver 
and platinum junction wires. The rf source was a 
B»C~3?5-B Signal Corps transmitter. A relative measure 
of the rf power output was obtained from the 
plate current meter reading, P, which could be varied 
from 120 to 220 units. As shown in the figure the 
oxygen pressure was determined with an Octoil~S 
manometer. The actual volume of the system was 
suffici«ntly large so that there was no significant 
pressure change during oxidation. 

The rf source described above was also used in the 
rf glow discharge oxidation of thin evaporated silver 
films» This oxidation was performed by placing over 
the area to be oxided a tightly fitting cap which was 
connected to the rf source. 

The circuit for the dc glow discharge oxidations 
described in this report is shown in Fig, 30. The 

15 



A.   Ozone   Oxidizer 

JTTL I5000V-AC 

•*- H20   out 
Aluminum foil electrode 

Quartz tube furnace 
P2C%drying 

tubes 

Rotameter 
2-6 liters/min. $j#*-Trap 

1 joint 

Exhaust 

Reaction chamber 

• 

B. Silver Wire R-F Oxidation Apparatus 

• in - **• »• 

ToToijfTTfn pump1-!        ^\J r 

^reservoir r 

•y    Thermocouple 
*v      leads  
^^Potentiometer 

:®==-*-02in    jj ~ 
y-*~ Cold junction 

Wire sample 

Close fitting metal electrode 

R-F Oscillator 
I2.400KC 

Plate current meter 

C. High Voltage Glow  Discharge  Circuit 

#—4 •"*» t L 
»•— 

VTI6I6- 

Variac  t0PST|l 

SWltChL,K):|OOOV 
transformer 

I ^ 

»^-ÖD1®^ 

Fii  trans. 
FIGURE   3 

OPST   L^^_ 
switch 

ST switch 
Photocell 



»high voltage from the nonregulated dc power sugpitf was 
continuously variable from 100 to 1700 volt. For 
this particular power supply satisfactory operation was 
obtained using a 50,000-ohm current limiting resistor 
in the high-voltage current. The oxidations were 
performed using the silver film as a cathode in the 
discharge, and with a voltage drop across the» tuba of 
i*0Q to 550 volts. 

2,2». Preparation of 
Silver Surfaces 

The oxidation process has been studied using three 
different types of silver surfaces namely, massive silver, 
thick evaporated silver films, and evaporated silver films 
of traded thickness (wedges). The techniques used to 
prepare the various surfaces are described below... "Fine 
duality" Handy and Harmon Co. silver which was nearly 
spectroscopically pure has been used throughout the 
investigations. 

The silver, sheet used for the preparation of the 
massive silver cathodes was mounted in the tantalum 
frame as described in section 2,1. After the mounting, 
the silver cathode was lightly etched with 6K HNOo, 

t rinsed thoroughly with distilled water, and then dried 
at 150°C. , (A similar procedure was used to prepare 
the silver wires for the ozonized rf oxidations.} 
After mounting in the tube envelope and sealing to the 
vacuum system, the silver surface was given a 
preliminary high-voltage glow discharge oxidation in 
oxvgen at 0.7-0.9mm Hg, During this step it was possible 
to determine whether the oxidation would proceed 
uniformly over the entire surface.  If the oxidation was 
nonuniforra, the surface was oxidized until complete 
coverag« was obtained. The oxide surface was 
subsequently decomposed by heatinr: to ZfOO-/4-50°C in a 
vacuum (p<.\K\0~5'wv<nWj).  This process was repeated until 
uniform oxidation of the cathode was obtained. In 
addition, during this step it was possible to determine 
the minimum input voltage to the high-voltage tronsformer 
required to provida complete coverage of the cathode by 
the glow discharge 3>\ it is to be noted that 
if the voltage across the tube is too high during the 
oxidation, silver is sputtered off the cathode. After 
the oxidation process had been studied, oxide was 
decomposed by heat treatment in a vacuum at fcT»0-l*.50 C 
until the pressure was less than 5xl0"6mm Hg, 
The clean cathode could then be re-used. 
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€ SilTer films evaporated onto a glass substrate 
in a DPI vacuum evaporation unit have been used in the 
preparation of the thick silver film radioactive Cs 
tracer tubes, and in the investigation of the o«one 
oxidation of evaporated silver wedges. The details 
for the preparation of the two surfaces are described 
below. 

The glass substrate for thick evaporated silver 
films consisted of a circular microscope coverglass 
22 mm in diameter and 0.007 * 0.001 inch thick. The 
disc was cleaned by rubbing with a mixture of 
precipitated chalk and ammonium hydroxide, rinsing 
with distilled water, and drying with cheesecloth. 
The dise was then mounted in a stainless steel holder 
which defined the silver deposition area (2.ÖJ* cm2). 
The holder was then mounted in the DPI evaporator unit 
over a tantalum trough containing a piece of massive 
silver. To evaporate the silver the tantalum trough 
was electrically heated by passing a high current 
through it. The DPI evaporator was then evacuated 
to approximately 100 microns and a glow discharge 
passed through the bell ,jar to further clean the 
surfaces by positive ion bombardment. After evacuation 
to lQ^ram Hg, the heating current was turned on and the 
desired amount of silver was evaporated on the glass 
disc. 

After the silver evaporation, the disc was 
mounted in the tantalum clip support. To avoid 
sputtering of silver within the tube envelope and to 
determine the oxidation characteristics of the surface, 
the cathode was then mounted in the auxiliary vacuum 
system described in Section 2.2. The surface was then 
repeatedly oxidised and heat-treated in a vacuum at 
l*00-450°C until uniform oxidation was obtained. After 
this treatment the clean cathode was mounted in a tube 
envelope and the tube sealed to the vacuum system. 
Prior to preparation of the final oxide film the surface 
was again slightly oxidised to verify that oxidation 
proceeded uniformly. This oxide film was decomposed 
during the final outgassing of the tube, thus leaving 
a clean silver cathode for the subsequent oxidation 
experiment. 

The silver wedges for the ozone oxidation 
study (Section 4.31/ were prepared by the evaporation 
of silver onto a lx3«-inch microscope slide from a 
multiple silver bead tantalum wire filament mounted 
in the DPI evaporator unit. The glass substrate slides 
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were cleaned with a hot Galgonlte solution, 
followed by a thorough-rinsing with distilled water» 
The slides were individually mounted in a glass 
container which was loosely covered with a glass plate 
and then dried in a hot-air oven at 150°C. For the 
evaporation, the slides were mounted perpendicular to 
the multiple silver bead tantalum wire evaporator'with 
one end of the jalidei at a perpendicular distance ©£\ ,• <• 
one centimeter from the evaporator« During the 
evacuation of the bell jar to 10-5mm Hg the surfaces 
were subjected to a glow discharge bombardment« ,-, 
With the evaporation geometry used, it was posslMf'lssr 
prepare silver wedges with greater than 50% transmission 
at the thin end, and an opaque, essentially massier* 
silver surface at the thick and, Jk similar technlt^äfä 
has been used by Sennet and Scott5 to investiga^! . c; 

the structure and optical properties of evaporated 
silver films. C • 

The geometry of the silver wedge tubes used t»' V 
Investigate the dc glow-discharge, oxidation of stlireMv- 
films (Section 4.33) has been described in connec$&sfr ••. 
with Flg. 1C. After the tube had been thoroughly '. r* 
outgassed, a silver film was evaporated on the tu^*: ^ 
wall by heating the silver bead mounted on the tantalum 
Wire with alternating current. The evaporation wlftsv 
controlled so that the thinner portion of the filar . 
furthest from the silver bead transmitted 50% of incident 
white light. The silver«beaded tantalum filaments were 
prepared in the DPI evaporation unit by the fusion 
of small pieces of silver wire onto the tantalum wire. 

2.$ Oxide Decomposition 

Prior to the determination of the cathode gross 
composition using radioactive cesium °»7 it was 
necessary to investigate the thermal decomposition 
characteristics of the silver oxide formed in the glow 
discharge. The thermal decomposition studies (Section 3.4) 
were performed on vacuum system II using both massive 
silver dise cathodes and thick evaporated silver films* 
The auxiliary equipment and the ©xperimental procedures 
are described in this Section. 

After mounting the experimental tube on vacuum system 
II, the total volume of the system was measured by a gas 
expansion method, and the micro Pirani gauge calibrated 
by the method described in Appendix I. After outgassing 
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the tube at MX)-Jt50°C, the cathode was oxidised tw; the 
desired extent using a de glow discharge• The amount ~©f 
owgsn deposited was determined using the measure^ 
roit»e of the system and the observed change ia the 
oxygen pressure. 

- After the oxidation the system was eyaouatedv|b»r 
lOrSrm Kg, the manifold diffusion pump stopcock ©3j»sedA 
and the room temperature "leak" rate established as 
being negligible« The oxygen pressure durinsr thi#^ 
decompoaitiöa was measured using the DPI Plrani gauge 
calibrated for the 0-20 micron range with a MeLeOt*' ; 
gauge and for the 10-170 micron range by a manometer 
and a gas-expansion method. The actual oxide decomposition 
was performed using a quartz tube resistance furnsae fpr 
temperature above 250°C and a Bow Corning de 550 ] 
temperature oiUbath for temperatures below 250°C. 

The observed pressure was corrected to room 
temperature by the following approximate equation!* 

T^* volume of system minus the volume <?f the tube 
To» 

P£« total pressure at room temperature 

volume of immersed tube 

5- 
1?« bath temperature 

room temperature 

P2« total pressure with the tube heated^::• V;^,..> 

at the bath surface; however, since the connecliJ^>wbe 
volume is small compared to the total volume, the. 
assumption does not introduce any serious error«jy^/ 

2»£ X-Ray Diffraction 

Throughout the investigation of the silver ox&da^ioa 
It haa beeil possible to characterise the oxide by means 
of''X*ray diffraction powder photographs. The equipment' 
and procedures used for the x-ray diffraction work are 
briefly discussed in this section, 

.:•"•• Staring the early phases of the oxidation studiesr 
a series of x-ray transmission photographs of unoxidised 
«id oxidised silver films were prepared. In these 
experiments a flat film casette camera with a 5-cm 
$ample4e«*film distance was used in conjunction with a 
copper-target x-ray tube and a nickel filter as a source of 
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copper K* radiation (X* 1.5U.ÖA). In these experiments 
eonplete diffraction data for the samples could not be 
readily obtained because of excessive exposure times 
required for small scattering volume of the oxide films. 

A seeond x-ray diffraction method has been employed 
during the present contract period (Section k.3) which 
has made possible the x-ray characterisation of very 
thin oxide films« This has been accomplished by 
modifying the sample-preparation techniques. Using a 
Bausch and Lomb 90X binocular microscope.' it has been 
possible to scrape loose small oxide samples from 
selected areas of oxidised cathodes and to load these 
samples into Pyrex capillaries with bores of the order 
of O.GJ+ mm. X-ray powder photographs of these samples 
were orepared in a 57.3-mm diameter Debye-Scherrer 
powder-diffraction camera with a Straumanis type of 
film holder and using a nickel-filtered copper radiation. 
Two procedures were used in the computation of interplanar 
spacings. In the case of routine photographs of oxide 
films no correction was applied to the measured film 
distances for film shrinkage. This corresponds to the 
assumption that one millimeter on the film was equal 
two degrees of glancing angle 0. It has been observed, 
for the camera used, that the camera- diameter computed 
by the Straumanis method very rarely differed from the 
assumed radius by greater than one part in five hundred. 
The interplanar SDacings for photographs having well- 
defined back reflection lines wers computed using 2 9 
values corrected for film shrinkage. These values are 
reported to at least the third decimal place In the 
subsequent sections of the report. In the computation 
of the interplanar spacingsdM.« extensive use has been 
made of the tables prepared by Switser, Axelrod, 
Lindbergi and Lareeno. 

3. OXIDATION OF SILVER BY MEANS OF 
THE DIRECT-CURRENT GLOW DISCHARGE. 
THERMAL DECOMPOSITION OF THE OXIDE. 

Daring the study of the products of oxidation of 
silver (Section fc.) a considerable variety of oxidation 
processes was studied. Several of these were also used 
In the preparation of photocathodes. It was finally 
decidedt  however, that the dc glow discharge through 
oxygen was most satisfactory for our purposes and this 
method was used in the preparation of almost all of 
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the photocathodes which are described in the second 
report of this series. It is therefore important to 
have a clear understanding of the methods of control 
which have been used, and also some knowledge of the 
properties of the oxide which is formed. The 
necessary background is supplied in this section. 

3.1 General Characteristics 
of DC Glow Discharge. 

The dc glow discharge was selected as the oxidation 
method in photocathüdt* preparation chiefly because of 
convenience in control. Other methods such as rf 
discharge have, however, also been used« The oxidation 
process is so complicated that there seemed to be little 
chance, within a reasonable period of time, of 
unraveling completely the mechanism of the intermediate 
stages of oxidation. The problem, therefore, was to 
find a process (1) which could be controlled easily, 
(2) which could be adapted to a variety of tube designs 
and still be operated under conditions which we."« 
recognizably similar in each case, and (3) which brought 
about the oxidation quickly and efficiently. The 
conditions having been adjusted, the products of 
Txldation could then be determined by x«-ray investigation 
see Section 4) so that at least the end result of the 

oxidation could be established even though the mechanism 
remained obsoure. The de glow discharge fulfills these 
requirements rather well. The fact that glow discharges 
have been previously studied at some length has been of 
considerable assistance and it seems well to review 
briefly some of the pertinent facts before passing Ott to 
the consideration of specific applications to the present 
research. 

The mechanism of the glow discharge has been studied 
extensively and several good reviews are available >**>•* 
The mechanism has. of course, been studied most 
extensively for those discharges in which xhe  electrodes 
are inert, i.e. no chemical reaction with gas occurs 
during the discharge process« In the oxidation of silver 
by making a silver sheet or film the cathode in a 
discharge through oxygen there is, however, a reaction 
between oxygen and the cathode. The cathode therefore 
undergoes a progressive chane^e as the discharge is 
operated and hence the nature of the discharge very 
probably undergoes a change. The known facts concerning 
the operation of discharges are expected to apply 
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accurately, therefore, only in the initial stage» of 
operation before any substantial oxidation has occurred. 
In order to utilise as fully as possible the known 
Information about glow discharges it is therefore 
necessary either to adjust conditions with silver 
cathodes by studying the discharge characteristics in 
the first fraction of a second, or alternatively to 
eonduct a preliminary study in which the silver cathode 
is replaced by one of another metal which is chemically 
inert but which is otherwise expected to behave 
similarly to silver. The second alternative has been 
adopted for the purpose of a preliminary study, 
platinum being chosen for the cathode. 

For defiaiteness we consider a discharge tube of* 
the type of Fig. IB with a platinum disc as cathode. 
The glow discharge through oxygen at a pressure in the 
range 0.5 to 1 mm Hg is produced as follows. The disc 
is made the cathode in the discharge by attaching It to 
the negative terminal of a high voltage dc power supply. 
A straight wire whose length is parallel to the cathode 
surface is used as anode. The discharge tube is placed 
in series with a high resistances As the voltage is 
gradually raised the tube current remains very small until 
the breakdown potential is reached. Once breakdown has 
occurred the tube current rises rapidly so that the major 
voltage JUS across the high resistance and the voltage drop 
across the tube is relatively small* If the high 
resistance is properly chosen the resulting glow 
discharge operates immediately after breakdown in the 
normal discharge region. In this region the voltage drop 
across the tube is independent of tube current because of 
the fast that the cathode is not completely covered by 
the discharge, 3*4» As the power supply voltage is 
increased the voltage drop across the tube remains 
constant and the tube current increases until a point 
Is reached at which further increase in current causes 
an Increase in tube voltage. This is the point at which 
the cathode becomes completely covered by the glow« A 
convenient test for complete cathode coverage can be 
made by determining tube voltage as a function of tube 
current. A graph of voltage vs. current exhibits an 
abrupt change in slope when complete coverage is 
reached« The results of two such determinations using 
a platinum cathode are given in Table I. From the 
results of experiment A It is evident that at *ube 
currents below 1 millismpere the discharge is in the 
normal region and at tube currents above 1 ma in the 
abnormal region. The "normal1* potential fall is 355 
volts. The flat region from 2.5 to 3*0 ma is 
interpreted as being due to the cathode glow spreading 
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TABUi I. TUBS VOLTAGE AS A PÖHCTI0K OF 
- • .-  — - 

TUBS CURRENT AT TWO FRBSSUÄBS V 

• • 

3W*fllW«* B**      . :^-i*' V" 
Tub« Tub« Ttfbe Tt&e 
Current Y«ltage Current felta** 5* M (t) (»a) (•) :   >-:££* 

O.L 
0.6 

355 o«5 355 
••*.• ' 

355 0.6 355 
0.8 355 6.1 360 
1.0 355 1.0 365 
1*5 365 1*5 375 
2.0 375 2.0 3*5 
2.5 380 "'"'Ji'J 400 
3.0 380 3*0 as 
3.5 3*5 3.5 430 

441 4.0 395 4.0 
4.5 400 4.5 460 
5,0 405 

6*0 
475 • ,•" •• 

6*0 420 500 
7.0 435 7.0 525 
8.0 445 8*9 550 
9.0 460 9*0 555 

10.0 475 10.0 580 
11.0 485 12.0 660 
12,0 490 

»,./ 

Oxygen pressured 0.8 «am« 
Tube fired at 650 volts 
(3*1 ma). Power supply 
surrent reached 0.4 ma. 

85.000 etas series resistance, 
and tube voltage dropped to 385 
voltage then reduced until tube 

*« Oxygen pressure9*0.5 ®ce 50.000 shm series resistance. 
Tube firsd at 600 volts and tube voltage dreppsd •'»• 42? 
(3,6 ma), Power supply voltage then reduced until$bube 
current reached 0.5 ita. 

Ft Cathode area 3 cm in both cases. 
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ever the reverse side of the cathode. The results Of 
experiment B performed at lower oxygen pressure 
indicate a "normal* potential fall of 355 volts, and 
complete cathode coverage above 0.6 ma tube current. 
According to the so-called "similarity principle" the 
cathode fall in potential is a function of current 
density divided by the square of the pressure?*1^ 
Since most of the tsbe voltage drop is across the 
cathode layer the current density which marks the 
transition between normal and abnormal regions can be 
computed from the results of others (see ref. 3% 
?age £7S) and compared with the observations of Tanle 

• Agreement is fairly good and provides confirmation 
of the interpretation of the results of Table I. 

Having determined the current and voltage which 
mark the transition from normal to abnormal glow 
discharge the question now arises as to the most 
favorable conditions for discharge operation in an 
oxidation experiment. In order to achieve uniform 
oxidation of the cathode it is, of course, essential to 
have the cathode covered by the glow. Oxidations are 
therefore carried out by operating in the abnormal 
glow discharge region far enough to insure complete 
cathode coverage, but not far enough to cause cathode 
sputtering» A tube voltage about fifty volts above 
that for normal operation"is satisfactory and has been 
used in most of our experiments. In practice the high 
resistance in series with the discharge is so selected 
and the power supply is so adjusted that immediately on 
throwing a switch the breakdown potential is exceeded 
and the tube voltage adjusts to 50 volt3 above normal» 

It is useful to have the point of complete coverage 
as a reference since this can be determined with any 
tube geometry, and by operating at a voltage exceeding 
the normal by some fixed amount, such as 50 volts, 
comparable conditions for oxidation can be obtained in 
tubes with different dimensions« The experiments 
described above indicate how discharge conditions are 
adjusted with a.tube of the type of Fig. IB. In the 
case of a tube such as that of Fig, 10 for the study of 
silver films it is not convenient to substitute platinum 
for silver. Hence the discharge conditions were 
adjusted by a determination of current versus voltage 
using a silver cathode. Transition from normal to 
abnormal glow discharge could still be detected despite 
the accompanying oxidation of silver, and discharge 
conditions were fixed in accordance with these results. 
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These determinations are more approximate than those 
( described above for the tube of Pig. IB, Nevertheless, 

it is possible by visual observation t© confirm that 
the cathode is covered by the glow and, since the . 
results of Section I*  show that the oxidation products 
are rather insensitive to oxidation method, we believe 
that the method is adequate. With this explanation 
out of the way we now proceed to discuss the oxidation 
process using again the tube of Pig. IB but now with 
a silver cathode* 

It might be thought that uniformity of oxidation 
on a silver cathode would be favored by the faet that 
the oxide is a poor conductor. If a th$ k .patch of 
oxide were to form, then current density through the 
patch would be reduced- because of the high resistance, 

"~"r"      while current density in the remaining areas would 
remain high, thus tending to retard the oxidation rate 
in the thick area more than in the thin« The oxidation 
would then be self-regulating to some degree. Once 
oxidation has been initiated it does Indeed tend to 
proceed uniformly. The above view implies, however, 
that, oxidation is caused by the bombardment of the 
cathode with positive iom© (perhaps 0^), 
and this is certainly an oversimplification as is 
shown hy the following facts and by others to be 

fgk described later. 

In the first stages of oxidation, uniformity is 
rreat.ly influenced by previous treatment of the cathode* 
tinder certain circumstances the initial oxidation is 
markedly nonuniform. This has been particularly 
noticeable with certain evaporated thick silver 
tr* 10,000 A) films. It is found that uniformity is 
improved in almost all eases by first oxidit&ng and 
then decomposing the oxide by heating to temperatures 
above 2?5°C. After one or more cycles of this treatment 
there is a marked improvement in uniformity. This has 
been used in the oxidation of both silver sheet and thick 
evaporated silver films with good results. 
Other investigators have previously remarked about this 
fact. 

Impurities also seem to affect uniformity of 
oxidation under certnin circumstances. During the course 
of preparing a series of photocathodes on bases made up 
of silver sheet ("massive cathodes*) it was observed that 
a thin film of white solid formed within the tube while 
sealing off the end after introducing the cathode 
element, during the suboequent outgassing at high 
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temperature the white solid distils into the vacuum 
manifold. The solid is water soluble and it has been 
found that rinsing the tube with distilled water Just 
prior to final mounting on the vacuum system, for 
outpassing and photo tube preparation, results In a 
silirer surface which is consistently oxidised 
uniformly by the dc glow discharge« In this case a 
slight impurity seems to markedly affect the uniformity 
of oxidation* 

The initial oxidation of thick evaporated silver 
films sometimes starts on small areas, almost points, 
in such a way as to strongly suggest a nucleation 
process such as is frequently observed in the first 
formation of a solid phase. Nucleation as an initial 
step is also compatible with the observation that 
uniformity of oxidation is affected by impurities. 
One such case is mentioned above, and such behavior 
may be of frequent occurrence. These extreme examples 
of nonuniform oxidation are certainly quite different 
from anything which might be deduced from the simple 
conception of a uniform positive ion bombardment of 
a uniform silver film with a definite fraction of ions 
combining with silver to produce the oxide* 
Preparation of the silver cathode is of decisive 
importance, and unfortunately this is one of the 
operations which is least well understood in the whole 
process although, as stated earlier, some effective 
practical measures can be taken to prepare the cathode 
for uniform oxidation« The observations quoted above, 
being qualitative and fragmentary, certainly cannot 
be considered as proof that a nucleation process is 
rate determining alPEne initial stage of silver ©xidatiea. 
The idea is advanced as a tentative"hypothesis, however, 
not alone on the basis of these observations but also 
because of a mass of evidence to be discussed later in 
this report. No conclusive proof of the mechanism is 
available, so the hypothesis must be considered a 
tentative one whose chief support comes from the fact 
that it coordinates to some dfegree a considerable body 
of information which would otherwise be completely 
confusing» The' saatter is again discussed in Section 4» 

From the above discussion it is evident that 
pre-treataent of the cathode, together x«lth complete 
cathode coverage by the glow, tends to favor uniformity 
of oxidation* When, however, we wish to compare 
oxidations carried out in two tubes with different 
dimensions and geometrical arrangements, then how can 
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we be sure, not only that oxidation occurs uniformly 
in each case, but that conditions within the discharge 
near each cathode are also the same so that the solid 
products of oxidation might be expected to be the 
same? It is obviously impossible to be certain that 
conditions in different tube3 are exactly the same. 
Nevertheless, some very sensible precautions can be taken 
in advance. In order to indicate clearly the nature of 
these precautions it is necessary to discuss .further 
some wall-known characteristics of glow discharges • In 
glow discharges several dark spaces occur near the cathode« 
One of these, the Crookes dark space, is of great 
importance to the discharge mechanism. This dark soace 
is followed by a thin luminous layer (the negative glow) 
and then by another dark space (the Faraday dark space). 
Beyond the Faraday dnrk soace, in the direction of the 
anode, there comas the positive column from which the 
greatest radiation emission occurs* This region makes 
UT> the bulk of the discharge and skives the discharge 
Its characteristic visual appearance. If, without 
change in Pressure, the anode is moved away from the 
cathode the positive column becomes longer and the 
voltage required to maintain the discharge is slightly 
increased by an amount equal to the IR drop across the 
added length of oositive column. The dischargs is 
otherwise unchanged. In particular, the thickness of 
the dark space?? and the negative glow are unchanged. 
It is further known-* that the voltage drop across the 
positive column is much smaller than that'across the 
örookes dark soace. In fact, almost the whole potential 
drew is across the Croo'-es dark space« There is also 
the find fact that in the immediate neighborhood of the 
cathode the chief current carriers are positive ions^* 
of "which the bulk probably have a single positive charge» 
As much as 95$ of the current flow nay be due to 
positively charged ions. 

'"/e are now in position to inquire into the 
ouestion of what molecular species may be the active 
oxidising agents. Neutral, unexcited, oxygen molecules 
can be eliminated at once since a large mass of'chemical 
evidence indicates that oxvgen does not readily react 
with metallic silver at room temperature or evon at high 
temperatures. The active agents must then be excited 
oxvgen molecules, their dissociation products (atom?), 
r»r positive ions which are continually accelerated to the 
cathode with considerable kinetic energies. Consider 
first the positive ions. The average kinetic energy with 
which those strike t>o cathode is determined by the 
acceleration bet-ween collisions and thin is determined 
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by the product of field strength by the mean free path. 
In connaring two different tubes, the mean free paths 
are equal if the pressures are equal. In order that the 
field strengths in the vicinitv of the cathode be also 
n,c?.rl^eouaI^ even ^i+.h different tube designs, two 
conditions ttfttst b«i met. First, ^^iSMRMffiiSsSä^tM«^^ 
distance must considerably exceed the thicknesstt>f^' 
the dark soace. Since this thickness is only a 
fraction of a millimeter at 1 ran pressure, this 
condition is easy to satisfy. The second condition is 
that the potential drop across the Crookes dark space 
should be the same for the .two .tubes. Since the largest 
potential drop is that across the Crookes dark space* 
this Mill be nearly satisfied if the tube voltages -.are 
equal. It would be more accurate to make the current 
densities equal since from the "Similarity Principle" 
the cathode fall in potential would then tend to be 
the same in the two cases10. Location of the voltage 
which divides the normal from the abnormal region and 
ouer?ting at a fixed amount above this voltage 
accomplishes the same end. It follows that methods are 
available by which discharge conditions can be so 
adjusted that even with rather different tube designs 
positive ions are accelerated to the cathode vfith 
nearly equal kinetic energies. Thus the oxidation 
products which result from positive ion bombardment. 
are expected to be the same. 

Oxidation bv electrically neutral but excited 
oxygen molecules involves a similar situation. If we 
suppose that conditions are adjusted as above so that 
the cathode fall in potential is the same in two tubes, 
then the rates of production of excited species near 
the cathode should also be the same since the same 
conditions for excitation prevail. The chief differences 
lie in the different magnitudes of the positive columns« 
The thickness of the Crookes dark space for an oxygen 
glow discharge lies between 50 and 100 molecular mean 
frer' path lengths1 . If the positive column, in each 
case is made more than ten times the thickness of the 
Crookes dark soace, then excited species produced in 
the outermost portion of the positive column could 
reach the cathode only aftsr undergoing at least 50C 
collisions. It seems reasonable that the probability 
of deactivation on collision is sufficiently high so 
that excited soecies produced far out In the positive 
column are deactivated before reacting the cathode. 
Thus further increase in the cathode-anode distance 
would have little effect on cathode oxidation since 
this only increases the positive column. Other short- 
lived species produced in the positive column would 
behave similarly« 
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It thus appears that oxidizing conditions at 
the cathode, due to positive ions or to short-lived 
neutral species produced either near the cathode or 
in the positive column, are not sensitive to changes 
in cathode-anode distance under the above conditions* 
For the purposes of the present investigation it was 

•m'r^~f;-.   „.„^essential to utilize somewhat different tube designs. 
^'fe§ different experimental purposes, and the above 
characteristics of x&$* dt p.c# discharge seemed to make . 
It better suited to our purposes than any other oxidation 
method. The tubes used were not, radically different- but 
some differences proved to be essential. It was not 
possible to study systematically the effect of every 

-     variable in the glow discharge and so the procedure 
outlined above was adopted. This procedure still has 
the defect that the portion of oxidation brought 
about by very long-lived species, produced in the 
positive column, will differ from one tube design tc 
another. Other oxidation methods which have been 
considered do, however, have additional disadvantages. 

It is clear from the above discussion that although 
sensible precautions can be taken which insure that 
conditions in the vicinity of the cathode (within a 
centimeter, say) are very nearly the same with different 

§        tube designs, nevertheless it cannot be groyen that the  ~ 
oxidation products are the same except by analysis of 
the products. The x-ray investigation of Section h  is, 
therefore, of ••particular interest since the oxidation 

...... _~.l products are directly studied. In subsequent Sections 
some of the above points are discussed again in connection 
with the description of pertinent experimental results. 

3*2 Tube Element Oxidation 

Sincej in the photocathode composition studies using 
a radioactive cesium tracer, it was necessary to have 
oxygen deposited only on the cathode surface, and not on 
support wires, etc, a series of tests were performed on 
the deposition of orygen on several metals which might 
serve to support the cathode and other tube elements» 
Platinum and tantalum were of particular interest. 
Experiments were not performed using nickel since, in 
the process of preparing experimental tube«, it had 
already been observed that nickel wire anodes were 
appreciably oxidized« 

In a series of experimental tubes a silver disc, 
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a platinum disc, and a tantalum disc were oxidized 
in a dc glow discharge under similar conditions, 
and the pressure decrease in the system caused by 
oxygen deposition determined• In addition an oxidation 
was performed under similar conditions using a tube 
with short tantalum electrodes to determine whether 
an appreciable amount of oxygen could be deposited on,, 
the glass* tie results of these experiments were as 
follows: il ../••„,;*    ' .s ><y: • • :y^d"- 

Ü 

• 

Substance / t  i /Ufe^ffieaflUre"decrease (microns) 

Tantalum 2 
Glass 2 

It is clear that tantalum is less oxidized than either 
of the other two metals. As the result of these 
experiments tantalum has been adopted as the metal from 
which the anode and cathode supports are formed in 
experimental phototubes. 

3.3 Oxidation of Massive Silver. 
Oxygan Deposition and 
Current Efficiency. 

It is v/ell known that color changes accompany the 
oxidation of silver sheet in a glow discharge. As silver 
is oxidised the surface color passes through the 
sequence yellow, red, blue for several cycles. The 
surface color is sometimes used in practice as a means 
of controlling the extent of oxidation^»1**-. We have 
found that the number of cycles observed depends on how 
uniformly the silver base is oxidized. Silver sheets 
which have been repeatedly corroded by glow discharge 
oxidation frequently can be made to pass through three 
and even four cycles of color changes before the final 
black oxide surface is formed. In the absence of 
repeated oxidation and thermal decomposition only two 
cycles are normally observed. 

In view of the fact that surface color chancy is 
sometimes used as a moans of controlling the extent of 
oxidation it has seemed worthwhile to collect data on 
the amount of oxygen taken up on oxidation to a given 
surface color* The amounts of oxygen corresponding 
to the different colors have been determined in two 
experiments which are described below. These 
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lints also (throw some additional light on the 
mechanism öf the o^id^ation p**ocess» 

It Is found that -the oxidation of silver cathodes 
proceeds rather rapidly. In order, therefore, to 
obtain reliable pressure measurements, which require 
considerable time, silver cathodes have been oxidized 
bv switching the power supply on for a short period 
of time. ' It is then shut off and the pressure 
remeasured. This process is then repeated. The result« 
obtained in a series of such measurements are given in 
Table II, The results of a second sat of measurements 
?erformed several months later are given in Table III, 
hese experiments were carried out using vacuum system 

II and the tube of Pig, IB with a cathode in the form 
of a disc cut from a silver sheet. The pressure 
changes were measured with the micro Pirani gauge and 
are determined with considerable accuracy. Although 
the actual pressures may be subject to an error of one 
unit, in the second decimal place, the pressure changes 
are orobably reliable to £ 0.0005 mm. This follows 
because the Pirani is a differential gauge which was 
calibrated by repeated expansion of a large gas volume 
into a volume made slightly larger by an attached tube 
of small volume. Since both volumes can be accurately 
measured, very small pressure changes can be determined 
with high precision. The percentage accuracy with 
which a pressure change, can be measured is virtually 
equal to the percentage accuracy in the initial pressure 
value. The variables of Tables II and III have the 
following meanings, 

P* oxygen pressure in mm of Hg, 
&P a change in pressure during the interval in 

which the discharge is oh, 
&t -time interval during which the discharge 

operated to produce presstir« change &P. 
t «total operation time for discharge, i.e. 

the sura of previous time increments At, 
I stube current (milliamperes) while discharge 

was on, 
&MQ »mass of oxygen, in micrograms, deposited 

* on cathode during; time interval^t. This 
i3 calculated from the perfect pras law 
using the known pressure decrease A? 
together with the volume and the temnerature, 

Mö »mass of oxygen on cathode, i.e. the sum of 
T* all previous&^o2• 

A MS a mass of 0| ions reaching cathode in time &t 
•" as computed from the tube current and time 

incrementAt assuming that at the cathode 
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all current is carried by positive !l<fcjip£ 
' Hm«a sum of previous increments & Moo«   —':^ 

POWir x  «oxidation efficiency* i.e, the ratio of 
' «»"Ofc   oxygen deposited on cathode to that ^ 

reaching electrode by conduction in Msa& 
interval &£«i -f^S  •^r.v 

Mo2 
100 • w jL  * cumulative oxidation efficiency« 

Several rather interesting facts are obtained fro© 
these results* In the first place the amount of oxygen 
per square centimeter at each color is of interest*- -./fur 
convenience these have been compiled in Table XT» ffcts • . 
results at comparable colors in the two experiiesnts 
agree only roughly, as might be expected. The tread« -$$&& 
with increasing oxidation differ in the two eases« ^l. 
Whether the differences are due to difference in cathode 
preparation or to gas pressure and current density is- . 
not definitely known. In subsequent experiments If':-^ 
haa* however, been observed in oxidations to the SieftMi 
yellow that the amounts of oxygen may differ considirably« 
Cathode color is, therefore, only a very rough means for 
control of the extent of oxidation, This agrees wtth the 
results of others*** 

It has been reported by Tiapkina and Kslfcov?*%ifikt 
the oxidation of silver in a glow discharge obeyä the 
parabolic law, i.e. the square of Mg2-is-« linear\£ijbtlott». 
>f t* . The data of Tables H and XIX do not acourat||.V 
ob^y^tifis^law. * graph of Mo2 VS. t does, ho'wsjv^r^lmve   
a curve whose shape roughly rfsembles a parabola*.Iv'.v 
The result Is at least approximately that which is 
ex|Mic^ed for a diffusion controlled chemieal reaction1* 
The diffusion presumably takes place through the oxide 
layer, the moving species probably being silver ion 
sines this is the smallest ion involved. Although•-tho 
data do not prove that the reaction is diffusion 
controlled, they are at least in rough agreement with 
this Idea« Exact agreement with the simplest theory 
based on a uniform layer can hardly be expected since 
it has been shown by Metallographie examination that 
islands of silver remain behind completely surrounded 
by oxide (see rsf. 1) • The oxidation of silver wires 
apparently proceeds by corrosion along grain boundaries 
(see ref* 1} and hence is irregular. Ündar these 
conditions no simple law can be expected to fit the 
data. Bespit« the lack of an unambiguous proof it seems 
very likely that diffusion oeeurs. 

The oxidation efficiency tends to be above 1005& 
in the initial stages of oxidation. If this result is 
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reliable the Implication is that the amount of oxygen 
reaching the cathodeJby electrical conduction is too 
email to account for: the extent of oxidation in the 
Initial phase of oxidation* The error in time 
measurements la probably 0,2 second and that in pressure 
change less than 10J»» At the smallest time intervals 
this introduces an error into the efficiency        .""".. 
measurement of about 20* »The efficiency exceeds 100 
by more than this amount and, Moreover, the same 
tendency is observed in two sets of measurements s"> 
that we are inclined to think that the result* are 
significant although not.very accurate. This view is 
considerably reinforced by the observation that a 
silver sheet is oxidised in a glow discharge even when 
it is made the anode. In fact, oxidation* occurs even 
when the silver is not an electrode (see ref, %$.), 
This certainly demonstrates that some species other 
than Oj contributes to the oxidation process. Since 
this is just what is required,to account for oxidation 
efficiencies greater than 100% the results ofTables 
II and III seem quit© reasonable. 

It is to be noted that oxidation efficiency goes 
down ae the extent of oxidation increases«. The final^ 
values are, however, considerably different in the 
two experiments as is evident from Tables II and III« 
If vie compare the amounts of oxidation at equal times, 
however, we find that they agree at least roughly, •, 
even though the tube currents differ considerably» 
We do not know whether this is generally the case,','.,.;•>• ? 

3,fc Thermal Decomposition of Oxide        ; " 

Numerous reports exist in the literature with regard 
to the thermal decomposition of silter oxides. In the 
majority of the experiments an approximate decomposition 
temperature is defined by the low temperature limit 
for observable decomposition with the oxygen pressure 
measuring device used. The oxide film formed during 
the glow discharge oxidation of silver is a polyphase 
?jtide or a single oxide of, probably, trlvalent silver 
see Section I».)» In addition, the oxide particle sise 

is generally small and the surface area probably large. 
Thus it would be incorrect to assume that, the decomposition 
characteristics of this oxide are the same as for bulk AggO, 
Moreover, because of the expected effect of particle sise 
on decomposition rate -.the work of-others cannot be assumed 
to apply under the experimental conditions used here, 
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Consequently a series of experiments on. the thermal , 
decomposition of oxidised silver has been performed 
using vaewim system II* 

In a preliminary series of experiments the oxide 
film formed on a massive silver disc (tube 
of Pig« SB) was completely decomposed at temperatures 
greater tiian^OCPC* The decomposition was performed 
by lowering a preheated quart« tube furnace over 
the evacuated tube mounted on the manifold, and 
measuring the tube temperature and oxygen pressure as 
a function of time* The oxygen deposited dltirinfir 
oxidation was measured with the micro Pirani gau»e, 
while the oxygen evolved during decomposition was 
measured with the D.P.I. JPiranl gau»*e# 

Three experiments were1 performed and the results • 
are given in frigs« 5. 6f and 7. It must be emphasised 
that these data wer*t taken while the tube was heating« 
Hence the pressure was changing during the first twov 
thirds of the interval* The graphs of pressure va* 
temperature therefore do not give the equilibrium 
dissociation pressures, but instead give the pressure 
as a function of the temperature at the instant of 
measurement, from the data it appears that dissociation 
pressure becomes appreciable at a temperature of 265°0 
under the conditions of these experiments* It will be 
shown later, however$ that substantial decomposition 
occurs below this temperature if enough time is allowed. 

The results of the material balance determinations 
on the Same samples as above are given in Table VU 
Columns four and five give the pressure-drop on glow 
discharge oxidation end the pressure increase on thermal 
decomposition respectively. Hie latter pressure is v 
corrected'back to room temperature as explained in 
Section 2. 

It seems at first sight that approximately 1Q# of 
the oxygen deposited during oxidation was not recovered. 
Fro» observation of the operational characteristics of 
thePirani gauge for pressures greater than 20/4 
(which must be measured on the millimeter pressure 
rar»«;e position) it is extremely probable, however, 
that „the iaa jor portion of the observed discrepancy 
VUKH) arises from errors in the gaup-e calibration 
for the range 20 to 200 microns. Actually, considering 
the gauge calibraion problem, the discrepancy dees not 
seem serious« This remark applies only to the D.P.I. 
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TABLE Ya SUMMARY OF RESULTS FOR MATERIAL 
BALANCE EKPERXMSNTS 

Expertnant  Final Twp», °C, Microns Microns   4P* 
K©.       Tefca of Initial Dapoaltad Evolved   Microns 

Temp, Rapid 02 
öC Evolution 

WB^TIIB  • J . i..:..i.jii;-i 9 "• ,-;,.i-.:t   n ..           : " " '      ' i""'i            • - i-----   • -•- -        —-        •   •*••   • — -•"     — •'     '- -• • ••   ii#w 

1                   /v310              265 Üß 10^ U. 

II                  *350             27D 60 7k 6 

A/310 265 

*350 270 

3*0 2«0 III 3M> 2Ä5 22 20 2 

A* 



gauge used to measure pressure during heating« The 
pressures in column four were determlnded using the 
micro Pirarii and are much more accurate. 

In a second series of experiments the rate of 
decomposition of the oxide was measured at 250°» 200 , 
and 190° C using the massive silver disc tube (Fig. 3J» 
with silver disc cut from sheet silver), at 190° 6 using 
a thick evaporated silver film cathode tube (Fig. IB) 
such as was used in the radioactive Cs tracer 
experiments. In these experiments the silver disc 
was first oxidized at room temperature by means of 
a de glow discharge. After oxidation the excess oxygen 
was püraned out and the tube containing the oxidised, 
silver disc was suddenly immersed in a preheated oil 
bath. The pressure was then followed as a function of 
time at constant temperature. The results of the 
decomposition experiments at 190°C and 200° G are shown 
in Fig. £ and at 250° C in Fig. 9. The rate of 
decomposition at 190° C ie quite small. A rapid rise 
in th« pressure, as shown in Fig. a, occurs during the 
initial heating of the tube in the oil bath. This 
initial rise is probably associated with the deeerptlon 
of a fractional monolayer of oxygen on the tube walls. 
It appears highly probable, from the data presented 
later on the development of photoamisslon and thermionic 
emission during cesium addition, that the loss of oxygen 
from the surface by silver oxide decomposition must be 
very small during the cesium addition to massive silver 
cathodes. In the case of oxidised thin silver films no 
experiments have been performed. 

3.5 Oxidation of Thin Films. ,,. 

According to one method for the preparation of 
saraitransoarent photocathodes a silver film is evaporated 
on glass until the white light transmission is reduced 
to 50$. The film is then oxidized until the transmission 
increase*? to 90•« The remaining fabrication steps are 
then carried out. Since it was of Interest to studv 
photocathodes fabricated in this way, lisrht transmission 
has been used as the means of contrbllinff both the silver 
film evaporation and the subsequent oxidation. 

At the beginning of the project it wfts assumed that 
increased oxidation of a silver film was accompanied hy 

-.-increased light transmission. With the oxidation methods 
then in use, however, oxidized films exhibited less than 
9096 transmission. More extensive oxidation did not increase 
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FIGURE  8 
AgxOy   Decomposition 
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the transmission. The first clue to an understanding of 
f~y- this observation came during the osone oxidation of 

silver films of graded thickness (see Section U* Certain 
sections of these films were oxidized to 90$ transmission 
and, moreover, it was found on x-ray examination that the 
films contained silver so that the oxidation was certainly 
not complete* On the other hand, films which had been . 
heavily oxidieed in an rf discharge contained no silver 
and had transmissions considerably lass than 90 %    Thus 
complete oxidation produced a film of low transmission» 
This suggested at once that a maximum in transmission is 
to be expected as oxidation proceeds. This was confirmed 

•..^. vbw^pft-äns of investigations using a silver wedge type tube 
(Pig. 1C) and a dc glow discharge. The results obtained 
in ä tynical run are shown in Fig. t. A maximum 
transmission is obtained. This experiment is described 
in more detail in Section 4*33 where the results of an 
x-ray diffraction investigation are also given. The 
conditions used in the preparation are given in Table 
HH» tube 19-27-15-3« A maximum in transmission is 
obtained in the oxidation of silver films whether 
evaporated slowly (300 sec) or rapidly (15 pec). 
Transmissions were measured with white light and *tith  an 
S-lf surface as detector. By means of an x-ray study 
(see Section 4) it has been demonstrated that thin films 
oxidised by the dc glow discharge contain unoxidised silver« 
The thermal decomposition of oxidized thin silver films has 

{ i       not been studied.  ;^ 

In the next section it is pointed out that the 
presence of an unoxidiaed residue of silver in a thin film 
indicates that isolated silver grains, not in contact with 
others, were contained in the originsI film. In thicker 
films where grain contact is established the maximum in 
transmission may not form, although we have not tested 
this by experiment. 

3,6 Silver Film Orientation, 

In considering the production of the whotocathode 
it is of Interest to know whether crystal orientation of 
an evaporated silver layer has any effect on crystal 
orientation in the oxide surface formed, Conseouentlv 
an x-ray diffraction investigation of the oxide "surface 
formed on oriented and nonoriented silver films was 
undertaken. This study was performed under a previous 
contract and the results have already been described in 
a previous report*0« A brief summary is given here, 
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howcverV for the *eake of completeness. 

CJ Unorle^ted and oriented silver films were prepared 
by the evaporation of silver on glass and rockaalt 
substrate respectively10. The films were partially   c 
oxidised In a glow discharge in oxygen at 0.3 • 0.75 
am tig, aftd the resultant films were examined by the :(-: 

-  x-ray diffraction method previously described. The 
x-ray £iio.iographe clearly demonstrated that the oxide 
film in both cases did not have any oref erred orientation. 

In the preparation of the Ag-O-Cs rchotocathode the 
base silver may be of several types, namely: silver 
sheet, evaporated or souttered silver films, and silver • 
films obtained by chemical methods. Photocathodes 
produced by these various methods of substrate formation 
are said to possess essentially the same photosensitive 
characteristics. Thus, since the silver oxide surface 
formed consists of randomly oriented o<ide grains, the 
conclusion suggested is that the structure of the oxide 
film with which the cesium reacts should be independent 
of the structurn  of the silver base. It is, however, 

, es   shown later (Section U,5)  that, contrary to the a^ove, 
the--structural characteristics of the suVstrste mav 
exert a orofound effect uoon the formation and photoelectric 
properties of the surface. The above r-ray results 3how, 
however, that tM.s influence is not due to preferred crystal 
orientation. 

4f »ATUR2 OF OXIDATION PRODUCTS 

In the preceding section the method of oxidising 
silver by means of the dc glow discharge has been discussed. 
The oxidation efficiency, thermal decomposition, and other 
pertinent facts have been described. Those results tell us 
very little, however, about the nature of the oxidation 
products» In order to obtain this information the x-ray 
study which is described in the present section was 
undertaken« The principal objective of the study was to 
obtain x~ray powder diffraction patterns for oxidation 
products prepared in various ways and to compare the 
observed patterns with those for the known oxides of silver 
for the purpose of identifying the solid phases present. 
The- oxidation of massive silver was studied under a previous 
contract and the results have been described in another 
report** During the present contract, reasons have arisen 
for further study of the oxidation of thin silver films. 
The results of the investigation performed under this : 
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r contract are given In Section t»3. For the sake of 
( ) completeness a review of the work performed under the 

previous contract1 Is given In Section k*2.    For  :; 
comparison purposes the powder diffraction patterns 
for silver and for the known oxides of silver are 
given in Section 4».l. :&:•&•• 

4.1 Powder Diffraction Patterns 
for Silver and Silver Oxides       •, clfe: • 

In a previous report1 the interplanar spacing»-'mfii 
and Intensities (1) have been given for Ag, Ag2Ö4 ^4 
AgO respectively. For convenience of comparison these 
data are reproduced here in Tables fX, VII and fXJl+y; 
It is worthwhile to note that the formula for the last 
of these substances was written as Ag202 in the earlier 
report1 and the substance was there referred to as^:.V,\; 
silver peroxide. During the present contract period it 
was recognised that the substance is probably not a 
peroxide* This view is strongly indicated by the work 
of Test1" and was further confirmed by a few chemical 
experiments on a sample of the same material as that  ' 
used to obtain the x-ray powder pattern of Table VIII. 
This material dissolved in sulfuric acid to form a 
brown solution, and this solution was a sufficiently 
strong oxidising agent to oxidise manganous salts to 
permanganate. This behavior is not characteristic 
of a peroxide, but it agrees very well with the behavior 
reported for solutions containing divalent silver. It 
seems highly likely, therefore, that the solid contains 
divrlent silver and hence the symbol AgO more • 
appropriately describes its chemical behavior* 

It is a well-established fBct^i^S920t21,'ZB 
that monovalent silver ion can be converted to trivalent 
silver ion in solutions which are treated with 
sufficiently powerful oxidlaing agents. The oxide to 
be exp«eted with trivalent silver is Ag20-». A reliable 
»•ray powder diffraction pattern for Ag20* is, however, 
not available because of difficulties encountered (by 
other investigators) in the preparation of pure Ag20|. 
The methods used for the preparation (anodic oxidation 
of silver using aqueous solutions of electrolytes 
containing various silver salts such as nitrates, 
chlorates and sulfates) always led to a product 
containing significant amounts of impurity (nitrate, 
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TABLß VI. IMT.iRPLANAR SPACIHGS AND RELATIVE 

s INT3KSITI3S FOR METALLIC SILVER 

hki d/n I (rel.) 

(111) 
(2O0) 
220 
511 
222 
WO 
331 
420 
422 
(333 

2.359 
2,0*4 
1.U5 
1.232 
1.180 
1.022 
0.937 
0.914 o.m 
0.7*6 

100 
40 
40 
60 
30 
10 
50 
50 
60 
70 

O 

50 

V 



•••V-HSt: 

(ftrootwrst Cubic Cuprite type) 

•ft '" TABLB TIE    POWDER DIFFRACTION DATA FOR 
%J\\: A**0 (A.OC i»#720). 

• '.'•' MM* 

hki d/a(A) * (r*l*j 

UO               i 2.725 100 
200 2,360 60 
22© 1*669 JO 
3U 1.M3 JO 
222 1.363 20 
AflO^^v    •       , 1.150 10 
m 1.0*3 ?2 
öo 1.055 12 
W» 0.9635 12 
333 0,90^ 10 
440 0.Ö3M* 5 

0.1W* 2 
; 0.7867 5 
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t TA£LS fill.    POWDER DIFFRACTION DATA FOR AgO. 
(Structure: Unknown) 

No< ~d/n(A) I (rel.) Mo, d/n(A) 

1 2.738 i -,r: 
2 2.592 
3 2.382 
4 2.255 
5 1*730 

6 1.687 
7 1.662 
8 1.611 
9 1.468 

10 1.445 

11 1.421 
12 1.406- 
13 1.383 
14 1.347 
?* 1*305 

16 1*201 
17 1*139 
18 1*121  : - 
19 1.099 
20  1.085 

21 1.064 
22 1.048 
23 1.040 
24 1.011 
25 0.9966 

100 

27 
83 
33 
15 

50 
17 
35 
31 58 

14 

$ 
12 
17 

23 

I 
25 
12 
12 

0.9871 
0.9796 
0.9712 
0.9534 
0.9407 

0.3287 
0.9230 
0.9103 
0.8965 
0.8831 

I (rel.) 

10 
5 
1 
4 

29 

29 
10 
17 
8 

21 

0.8724 
0.8661 
0.8492 \ 
0.8379 
0.8303 

:: I 
23 
12 
15 

Q»8207 
0.8138 
0.8110 
0*8106 
0*0035 

31 
4 

.----21 
13 
50 

0.8802 
0.7971 
0.7951 
0*7929 
0.7826 

13 
19 

0.7806 
0*7761 

35 
23 
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chlorate or sulfate). A structural investigation ef 
the products obtained by anodic oxidation ot aiX'wmr 
has boon carried out by Braekken31. Braokkon   r - J 

reported that the product Ag^O-JH) prepared by the 
electrolysis of silver nitrate-7gave the bast single 
crystals« The crystals, for the most part, have an 
octahedral form which is not rery well developed. 
Pro» *»ray diffraction studies of the powder end 
single crystals it was shown that the crystals have 
a common structure. The photographs, could be . ;; : 
readily indexed by Braekken on the basis of a fac«% 
centered cubic unit cell with a variable lattice 
constant (depending on the amount of impurity),. 
and which contained 16 molecules of Ag^O^, The f . 
followine; lattice constants were founc. 

preparation     . Sp        < 
Ag203(K) 9.55 +ÖM   kx   vi: 
AggOlCN) 9.Ö70t0.003 kx 
AgI05(P) 9.91110.001 kx Ag20*(Cl) 0.916t0.005 kx 
%öÖ4(S) 9.696*0.003 kx 

Thus actual lattice constant of the oxide depended ^, 
upon the conditions used in the preparation of the 
sample. The letters in parenthesis indicate the 
anion of the electrolyte used in the preparation 
(N for nitrate, etc.). ;-'..'.Sp^.~ 

Braekken found that the diffraction pattern 
could also be indexed on the basis of a pseudo*cell 
with a lattice constant one-half the true value if  V 
only the weak reflections were neglected. The smaller 
cell was shown to be approximately face-centered and 
contained 4 silver atoms. The arrangement of silver 
atoms in the pseudo-cell is almost identical to that 
observed In AggO, 

Since oxygen positions could not be derived 
on the basis of the possible cubic space groups, 
Braekken suggested that the entire structure is only 
pseurfo cubic, but a £öod approximation to cubic. It 
was, however, established that the lattices of the 
two oxides, Ag20 and Ag^O«, are similar« In addition, 
since the method of preparation of the oxide resulted 
only in lattice constant variations, Braekken concluded 
thftt only one silver oxide was present in the products 
from anodic oxidation, namely AggO,. 

The intarplanar spaciugs for the silver oxide, 
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Ago0„(N), reported by Braekken are presented In Table IX. 
It to clear from the above discussion that the sample of 
Table IX is not pure and hence no accurate agreement 
can be expected between this powder diffraction pattern 
and those obtained on pure Ag2°3« Since, however, 
the impurities are apparently present in 3olld solution, 
it seems possible that the powder patterns of pure 
Agofh and of Table IX differ chiefly because of a - 
difference in lattice constant caused by impurities 
in solid solution. 

4.2 Massive Silver Oxidation 

During the course of the present contract no 
x-ray study of the products resulting from the oxidation 
of massive silver was made because, as a part of the 
same project but under a previous contract, a rather 
complete studv had already been carried out. For the 
sake of completeness in the present report, an account 
of this work is belno; included. Almost all of the 
present Section (4.2) is based on a report of this 
previous work1, the only exception b^ins: subsection 
4.23« While this Involves some repetition in the 
discussion of work which has already been reported, 
it has the advantage of providing a rather complete 
account of the present status of the oxidation process» 

4.21 Preliminary experiments 

Prior to a rather detailed study of the rf 
oxidation of silver wires, preliminary experiments 
were performed in which the oxide formed on silver 
wires by ossone and rf oxidation was character!seed by 
x-ray diffraction powder photographs. 

During the ozone oxidation of silver wires it 
appeared that the oxide film catalyzed thG further 
formation of the oxide. Initially the process of 
oxidation does not seem to occur (at least visibly). 
Once a spot becomes oxidised, the oxide grows out frora 
this point in a ring around the wire and proceeds 
rapidly along the length of the wire. At times the 
growth of the oxide film would suddenly stop as if the 
surface were "poisoned" and the layer of oxide would 
then start growing at another place on the wire. 
Similar phenomena were observed in the rf oxidation 
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TABLS EC, INTBRPLANAR S.'ACINQS FOR Ag203(N) 
(Lattice Typ«:  Pseud© Cubicf 

a/* hki d/n 

D 

222 2*05 
400 2.47 
331 M2 2.26 420 
*22 2,01 
440 

1*71 8i 622 1.49 
1.45 

551.771 1*39 
642 1.32 
733L1 
|53> 

1.2«7 

too 1.235 
662 1.135 
«40 1.106 

as 1.0$« 

344) 
557j 
771* 

kl-1* 
10,4,0 

1Q62 
««4     1 
12,0.0) 
?j7,7 1 
11,5,V 

12,4,0 

1.009 

0.995 

0.963 

,0.919 

.903 

.$74 

.«36 

.«25 

.«16. 

.«09 

.795 

,782 
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of wires» /_ 

Fro» the comparieon of the x-ray diffraction 
photo/rraphs for the ozone and rf oxidized wires it was 
evident that the structures of the two oxide films 
were similar, and th>.t ox±d.e  phases other than Ag20 
were present. From the interplanar spacing data" 
which appeared to be definitely associated with 
AgoO, a series of Ag20 lattice.jconst.ants for the 
different samples were derived. The observed Ag2Ö 
lattice constant varied from 4,724 to 4.732 A. 
compared to Faivre's values of 4.695 A, for pure 
A&20 and-4.736 A. for Ag20 saturated with silver 
at 200°C2*# *his result suggests that there i3 

  appreciable solid solution of silver in the silver 
oxide formed in the oxidation of wires. 

During attempts at identification of the 
observed interplanar spacings, it was found that a 
group of the lines distinct from Ag and AP»0 could 
be indexed on the basis of a face-centered cubic 
unit cell with a^U.55  A. This group of lines was — 
given the designation vf phase» However, considering 
the number of lines not assignable, it seems certain 
that this cell choice is only an approximation. In 
fact, it will be shown in Sectior 4,3 that the if phase . 
is a mixture of at least two solid phases. 

4.22 Rf oxidation of silver wires. 

In the previous technical report the detailed 
procedure and results of a systematic investigation of 
the rf oxidation of silver wire were presentear. In ; 
these experiments silver -wires '.w*r©'. ©3ä2Hi«eÄ-'~iii"- SA-T'CKS" 
rf glow discharge using the equipment described in  \ 
Section 2.3 (Fig. 3B). The experimental results and : 
conclusions are briefly summarised below. 

During the glow discharge oxidation of the silver 
wires the sample was mounted between the ends of a  - 
ehrorael-alumel thermocouple so that an approximate 
determination of the temperature of the wire in the 

  _ glow discharge was possible. It was observed that 
temperature equilibrium during the glwo discharge 
bombardment was quickly obtained. A total of 24 

Ä^'waiÄ^^ ..ojdUliitdi wire samples were prepared using three- 
minute oxidations at four oxygen pressures (0.2, 0.4, 
0.6t and 1,0 an Kg) and three different relative 
rf power inputs (220, 160, and 120). The temperature 
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observed during the oxidation ranged from 130° to 
2Ö5°C. The equilibrium temperature was dependent upon 
the oxygen pressure and the rf power input« 

X-ray powdor fd if fraction photorrnphs were prepared 
using ore set of the samples, while metalloeraphic 
exaninations were made of the second set, us in«: the 
diffraction lifi^ß 'örtlich appeared to be definitely 
associated with Ag^O, a Series o,f AgpO lattice constants 
were derived using; the cot 6 cos'-fc extrapolation method. 
The average ao for +.he Ag20 was 4.736? 0,005 V, in 
<tooH agreement v/itli the value 4.736 A. obtained bv 
Faivre for Ag20 saturated with Agat 200°C. 

In the x-ray diffraction photographs a series of 
lines were observed which could not be*associated with 
either Ag20 or Ag. One group of the extra lines could ;; 
be indexed as belonging to the *# phase discussed in the 
p-revlous section. A complete list of the interplarar 
«panincs for sample 12 is given in Table X. A conparison 
of the Intensities of the *f lines to those of Ag and 
Ag?0 within the sets of ohotographs indicated there was 
no'^'iarked intensity variation of the »f lines relative- 
to the silver linos. The line intensity ratio 
for W220) to Ag2Q (220), however, varied from 0.05 
to 0.90, indicating a large variation in relative 
abundance of Ag20 compared to the actual phase or 
phases orodueing the v(220) line« The variation of the 
intensity ratio could not be correlated with the sample 
preparation data. ••-.'.'..•'. 

In order to obtain more extensive x-ray data on 
the rf oxide an x-ray photograph was prepared of the 
oxide layer which could be readily brushed off a small 
coil of silver wire after the oxidation in an rf 
discharge. The data from the photograph are presented 
in Table X. In the photograph hi  lines were observed 
which could not possibly be assigned to Ag20 or Ag. 
Of this group of 41 lines only 10 lines could be 
associated with a cubic <Jphase. Considering the number 
of extra lines it is very probable that the ^ phase 
indexing of a portion of the stronger "foreign" lines 
is not particularly significant« It was also 
established that the extra diffraction lines could not 
be associated with the presence of AgO. 

In a related experiment a sample of  pure silver 
oxide (Ag20} was oxidised by oxygen in an rf discharge. 
The x-ray diffraction pattern of this material so formed 
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TABLE X. INTERPLAN AR SPACINQS FOR RP 
OXIDIZED WIRE NO. 12 AND RF 
OXIDE COATING FROM SILVER VORS. 

A/ntlS 
Sample 
Ho, 12  Oxide 

Coat 

Assignment 
•   Wl - 
Sample  rf 
No. 12  Oxide 

Coat 

Assignment 

3.38 
3.19 
3.03 
2.89 
2.69* 

2.596 

2.341 
2.243 

2.029 

1.660 
1.591 

1.471 

1.437 
1.414 

1,358 
1.3^2 

1.228 

1.176 

3.39 
3.19 
3.03 
2.«9 
2.73 

2.62 
2.50 
2.41 
2.35 
2.27 

2.15 
2.04 
1.97 
1.86 
1.74 

1.705 
1.658 
1.615 
1.526 
1.479 

1.447 
1.421 
1.389 
1.365 
1.303 

1.279 
1.264 
1.231 
1.207 
1.1*2 

Ag20(lll) 

Will) 

Ag(200) 

200) 

Ag20(220) 

Ag(220) 
Ag20(311) 

AK20(222) 
Vf?222) 

Ag(3lD- 

Ag(222),Ag20(400) 

1,130 

1.0795 

1.035 
1.019 
1,010 

0.936 

0.927 
0.923 
0.912 

0.869 

2.839 

0.800 
0.768 

1.139 
1.124 
1.104 
1.079 
1.067 

1.052 
1.045 
1*032 
1.015 
0.989 

0.977 
0.968 
0.948 
0.941 
0.937 

0.929 

0.912 
0.882 

0.854 
0.839 
0.816 
0.811 
0.805 

0,800 
0.785 
0,783 

*?(400) 

Ag20(331) 

«t 331 
Agv400 
f(420! 

Ag{331) 

^(422) 
Ag(420) 

¥(333) 

AgU22) 

¥(440) 
Ag(333) 

Note: No absorption correction has been applied to the data. 
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was identical to that for the rf oxide coat described 
above. The product contained tf phase or phases, silver, 
and silver oxide (Ag?0). 

The metallographic examination of the set of 
rf oxidised wires indicated no major differences in 
the structure of the oxide film present on the different 
samples* The examination did indicate the presence of 
one phase adjacent to the wire and a second phase on the 
surface, the two being separated by a boundary« The 
oxide film was also found to contain numerous islands 
of massive silver of varying size. The appearance of 
the metallographs at the massive silver-oxide surface 
boundary suggests that the oxidation proceeds by an 
intergranular corrosion process. 

To obtain further information on the characteristics 
of the two»phase oxide system, electron diffraction 
photographs were prepared of silver wires oxidised to 
the second order yellow-red color. The thickness of this 
oxide coat was comparable to that used in the preparation 
of massive cathode photosurfaces. The electron diffraction 
interplanar spaclngs as well as corresponding x-ray 
diffraction data are presented in Table XI. The *f phase 
lines constitute only a few of the total of all fphase 
lines. It is also of interest that a Vphase line appears 
in some experiments at d/n«2.66. It has been omitted 
from the table because it is not consistently observed. 
Since the electron beam, in the electron diffraction ex- 
periments, does not penetrate very deeply into the sample 
it is anticipated that only the surface phase will be 
detected. It seems clear from Table XI that the electron 
diffraction lines can best be interpreted as arising from 
the 1 phase. It is to be further noted that x-ray 
diffraction photographs of the electron diffraction wire 
samples were similar to those obtained previously and 
indicated the presence of Ag2<3 in the film. This is 
consistent with the electron diffraction data since 
x-rays penetrate the entire sample. These results 
suggest that Ag20 is the phase in contact with the silver 
wire, while the surface consists of a higher valence 
state silver oxide. The fact that the AgO pattern could 
not be related to the electron diffraction pattern 
suggests that the higher oxide is actually AggOj. 

Tiapkina and Dankov^3 have reported that the glow- 
discharge oxide is Ag2Ö, on the basis of electron 
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TABLE XI. INTERPLANAR SPACING DATA 

Electron Diffraction 
...      .. . . 

RF Oxidised Wire 
d/n       I 

X^ay Diffraction Data (d/n) 
Ag   Ag20   AgO 

3.03       (10) 3.03 :    ;  '•'•• •    ;  ;\, -  : .',  . . _  • 

2.66       (5) 2.62 2.73  2.74 
2.41 2.59 

2.32       (10) 2.2? 2.36 2.36  2.3« 
1.99       (5 1.97 2.04 
1.42        8) 1.42 1.44 1.42  1.42 
1.23       (8) 1.26 1.23 1.23  1.20 ..,'-.   .  .. 

0.995       U 1.009 1.02 0.963 0.997 
0.925       (4) 0.929 0.928 

-....-.-.-,—••• ^r-...- 

-«. 

-     - - 

-7   

0 

n 
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> diffraction photographs of a silver film on a 
\ ) celluloid substrate which'-ras oxidized in a glow 

discharge.    The ~!lectron-diffraction photographs 
obtained by them exhiMtod a high background due 
to diffuse scattering and the lin^s were rather 
weak.    This is not in anreenient vrith our results 
either onlsilver \/ire or on thin films  (see 
Section k.33) •    It is poasib 1-5 that thev actoally 
decomposed the hi*her"p:dvdent3 ^ 
bombardment, or more probably the^AgoO was formed 
hy the- reaction of th« higher oxide"with the 
sunnor+in-r film..-•-• 

JU3    Products of Thin 
,   Film Oxidation i 

C 

L.31 Ozone oxidation 
pf silver wedges. 

The study of oxidation of thin silver films 
was undertaken because of difficulties encountered in 
the study of 3emitransparent photocathodes. A 
primary objective of the study was the identification 
of the solid phases present in the oxidized film. In 
such a study it is important to perform the oxidation 
in a variety of ways so that the proportion of solid 
phases is altered. Otherwise it may not be possible 
to discover how many phases are present, especially 
under such conditions that solid phases are encountered 
which have not been previously studied. For this 
reason ozone oxidation was studied along with both 
rf aid dc slow discharge oxidations. Moreover, a 
wide variety of conditions for ozone oxidation were 
investigated. Among the variables are the following: 

1. The rate of evaporation of silver. 
2. The thickness of the silver film. 
3. . The temperature of oxidstion. 

Barlier experiments (Section 4.2) had already 
established that the products of oxidation of massive 
silver by ozone and rf discharge were the same, so 
the results were expected to be pertinent also to the 
glow discharge process. The investigation of ozone 
oxidation was particularly extensive because the 
technique for x-ray investigation of thin films was 
developed at this point. In the following subsections 
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the results of the investigation arc briefly reviewed* 
Detailed data for the various phases of the * - 
investigation are given in Progress Report Ho. 3 •• 

4.311 gxperiqentay The silver wedges 
were prepared on 1x3-inch microscope slides as 
described in Sec. 2.22. The percentage light 
transmission as a function of wavelength for each 
silver film so produced was measured using the 
Beckman DU apectro-photometer and a 1P25 phototube, 
Tha silver film slidss were placed_in the pyrex 
tube furnace and oxidized in ozone under the 
different coaditioris shown in Table JCII. After 
oxidatiotij the transmission curves were determined. 
and the slides examined microscopically at 15, 45, 
90, and l»40X. X-ray powder photographs were then 
prepared for oxide samples removed from selected 
portions of the slides as indicated in Table XII. 
In describing the slides the 0 (aero) position 
corresponds to the thickest portion of the silver 
film. The percent transmission values at 700 ra u, 
versus positibnon the film (which is a measure of 
film thickness) are given in Pigs. 10. 11, and 12. 
The x-ray diffraction data (d/n and Ij for the thicker 
portions-of the wedgss are given in Table XIII, for 
the intermediate regions in Table XI?, and for the 
thinner regions in Table XT. 

The first and most obvious observation is thnt 
the films contain crystals of sufficient size to 
produce an x-ray diffraction line spectrum, and this 
is true ever», in the region for which the light 
transmission of the silver film before oxidation is 
50>. It is therefore sensible? to apply the results 
of phase equilibrium studies on macroscopic systems 
to the oxidised film x*herever such application is 
useful.. In anticipation of the results of Sections 
4.32 and 4.33 it may also be stated that similar 
results are obtained on oxidation by rf and dc glow 
discharge. 

4.312 Pr^limenary summary of general results. 
In discussing the results it Is useful to contrast the 
appearance of ozone oxidised films with films oxidised 
in a do flow discharge (see Section 4.33) and also to 
bear in raind a few general observations» In the first 
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TABLE XII.    OZONE OXIDATIOH OF SILVER WBDÖE3 

* 

Silver 
Pilm 

3 ample 

Code   Ag 
Ho,    Evap. 

Time 

Oxidation 
Condition« 

Temp        Time 
°3 X-rar Dtf Ulk   ~   •      ••      '-.H;.'.!*   «,,> 

'-Z   "-. 

Film       '   - -Sample     : 

Region 
<e») 

' *-Ä 17|1-185   240 2ö;:;i:;i:::;ii.; Dry 1760*77*9 > 
-10 
-It 
-12 

ti*o»9 >F.'-: 

0*9-1.3 r 
1*5-2.0 > 
«•0-3.5 

B 1761-187     25 
VIII 

28           10 Dry 1760-82*1 ;. 
. • *2, •- 

*3   . 
>2.0-3.0 

.; 3*5*4.5 

C* 1761-18?     15 
IV 

100              7 Dry 1760-76*1 

*3 
?.vHS 

2*5-3.5 
4*5 

D 1761-183     15 
V 

100            10 Dry 1760-76*5 
—© 

0*1 
1*2 

•   •     _ . 

.....   _ 3 3*5-4.5 

• 

E 1761-187     25 
X 

HO              4 Wet 1760-83-7 
-8 

0*1 
2*3- 
3*5-4.5 ....••' 

r -:h 1761-187      25 X1H 
140             4 Dry 1760-93-6 

*7 
?*3 
6*7 

0 1761-187      25 
XI 

160          3.5 Wet 1760-84-10 
1760-93-1 

...   -2 . 

0*1 
2*3 
5*6 

H 1761-187     25 
XX 

170         5.5 Dry 1760-83-4 
2*3 
4*5 

'• . - 

I 1761-187 .   25 
XII 

200          2.5 Dry 1760-93*3 
-4 
-5 

1*5-2»0 
3.5-4.5 
6*0-7.0 

rp-^-r ;• 1927-14-1   0,5 I    28            11 Dry 

*Prier to oxidation, film preheated to 150°C, then cooled 
to 100°C for oxidation. 
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place, ^h«f» is A narked differenae in crya^iaii 

the de 
MMSMI 

aiJHPTE 
of  Ln tne case 

films oxidized by the <Sc glow discharge, the 
crystallites #re. too «mall to be observable with an 
optical microscope even at MtCflC.    On the other hand, 
rather e©*Ti* crystallites are produced in osone 
oxidation which are easily seen at WS and in some 
cases even at 90S *    In the second place, in passing 
from the thia **> thgL thick grt^ Q^ ft tVSi 7? <P?3dejfl 
thjcknsss wh Ich frA9 been Oftjdi.yod by ogone. a very 
'::'•*' hatiee ösÄ; JMLin tj^cryst alliie jgj anT* 

thickness is * therefore, raCVtwR- 
[able« Instead, d«« » o*»*»«*. KUM»»«• •-. »HO^BV.« Verf complex changes 

in particle size and particle size distribution take 
place within the same film in passing from a region 
of one thickness to a region with another thickness. 
These changes may even be periodic and thus give the 
appearance of interference fringes on superficial 
examination* Film A, for example, had such an 
appearance while film B did not. It ia possible that 
such changes may also occur in films oxidized by dc 
glowdischarge, but since the crystallites produced 
are too small t© be seen in microscopic examination 
this point has not been established. In the third 
place", despite the dif ferehcesin crystallite sisse, 
fiUa% si ijssL &m. ibActe&sa iml Has sox&sXß. the fame 
mlki &ms& m&$&sMs& xia& conditions 2X sxssas&l.m 

t»    This is apoarentls ilai iijuMem^' is apparently demonstrated by 
x-ray examination Of the osone oxidised films of equal 
thickness. The same x-ray lines tend to appear on 
each filsa, thus indicating the presence of the same 
solid phases« The exceptional cases are pointed ov-t 
in the subsequent discussion. The above statement ; 

does not applr to the comparison of the thin and thick 
sections of the films. Instead, some of £hja. solid 
j&&gft& ass BSL ^he sm& 4aj&& .thfor JM JMäk sections. 
length in the 

JäJÖBS*rThis Point 
allowing text. 

is discussed at 

In order to illustrate how much two films can 
differ in apoearance and in optical properties without 
much change in x-ray diffraction pattern it is 
worthwhile to consider films A and 3 in more derail. 
The preparation procedures for these two films differ 
chiefly ia the rate of silver evaporation (see Table 
XXI,)t% ?ilm 0 was deposited--at. ten times the rate used 
for ififcLjJ^fÖEST 0x^a^"l^"n0:'"piirtiels structure could be 
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resolved in microscopic examination at &40X and 
the transmission curves for the two films are very 
similar (see Figa, 10A and 10B). After oxidation, 
however, the two films were tery different in 
appearanee. This is indicated to some degree by 
the transmission curves (Figs. 10A and lOB). These 
figores do not, however, adequately convey the 
observed appearances, the films were spectacularly 
different In appearance« ^Film A was striated* 
the atriations favowing lines of equal thickness 
in the manner expected for interference fringes* 
Film B had no such striations. The striatiohs in 
film A are undoubtedly connected with variations in 
particle sise (see Appendix II), Despite the 
markedly different appearance of the two films 
there is very little difference in their x-ray 
powder diffraction patterns (see Tables XIII, XI?, 
and Vf).   Where differences in x-ray powder patterns 
occur the lines are weak enough so that slight 
differences in line breadth might well account for 
the presence or absence of the lines. On the whole, 
the solid phases present seem to be the same in the 
two cases« This very strongly suggests that the 
difference between the two films is largely 
attributable to particle size and sise distribution. 

The above observations indicate that the optical 
properties of va film depend markedly on the method of 
preparation and hence will be difficult to reproduce.« 
On the other hand, the x-ray diffraction data are much 
less sensitive to variations in the method of 
? reparation although some dependence on film thickness 
s found, as is pointed out in the next section« 

" Microscopic examinations of the oxidised films 
have been made« A detailed description of each is given 
in Appendix lie For the purposes of the present section 
4t is sufficient to say that large particles tend la 
general to be formed at the thick end of a fil»*; A 
granular oxide is formed in the thick section consisting 
of black grains roughly sperical in shape and 
separated by voids comparable in sise to the particle 
diameter. Otherwise the particle structure (as revealed 
by microscopic examination) varies considerably from 
one film to another (see Appendix II)« Some further 
information on particle size is obtained from x-ray 
line breadths as discussed in the next section« 
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4.313 X-ray d^r^tifto ry?iil,tjB. THe oxide 
x-ray diffractio» oata for the thics sections of the 
wedges are given in Table XIII, for the intermedeate 
sections in Table XIV, and for the thin sections in 
Table XT« In considering the data it is important 
to note that lines assigned an intensity of 2 were 
!BIT weak, while those assigned 1 were just perceptible, 
onaeouently, for these lines there may be an appreciable 
error in the measurement of the interplanar spacing« In 
addition, the accuracy of the Interplanar spacing« and 
relative intensity estimates decreases rapidly as the 
line breadth increases, because of the diffoseness of the 
line as veil aa the increase In the background scattering, 
furthermore, the relative intensities for the lines with 
interplanar spaclngs greater than 2.30A may be 
appreciably low because of the high background blackening 
present in this region of the diffraction photograph* 

Several general characteristics of the oeone 
oxidation are evident from a visual examination of the 
films. For a given wedge the increase in th^ diffraction 
line breadth with decreasing thickness of the wcd/*e is 
indicative of decreasing crystallite eise. With increasing 
temperature of oxidation there is a marked increase in 
the sharpness of the diffraction lines indicating an 
increase in crystallite eise* The photographs for the 
granular oxide formed in the thick section at high 
temperatures contain very sharp diffraction lines* This 
is well illustrated by the fact that the Cu Xou and Xet2 
reflections of 0.7Ö50 and 0«7ÖJ*0A are very well resolved. 

It was assumed a, priori that the silver in the thin 
section of the film would be most completely oxidised« 
An examination of the data clearly demonstrates that, for 
the wedges examined, the reverse was true, since the 
silver line at d/n»2.04 is relatively more intense in 
the thin sections than in the thick» The ease of 
ozone oxidation of the silver decreases with decreasing 
wedge thickness. The microscopic examination of the 
wedge «J (Table XII). 3-see silver evaporation, suggests 
that the ease of silver oxidation by oaone increases 
with fast rates of silver deposition. X-ray data 
for this wedge are not available. 

Some progress can be made in analysis of the 
results as follows» Oonsider first the thick section 
of film I, Table XIII. Since the line at d/n«2»0fc 
is absent, it follows that metallic silver is absent* 
Since the line at 2.36 is also missing it follows that 

:7 TO r-r.    •::";.;.. ...;;L. 



ft 

Ag-O is missing. There is no line at 2,59, which 
J| Indicates that Agp Is absent« The whole x-ray 
• diffraction pattern is therefor« due to one or 

more substances other than the above« If the 
system is a two-phase Mixture, then the strongest 
lines must be due to the preponderant phase• These 
lines are 2.74(100), 2*42135), 2.28(251, 1,71(20)» 
1*66130)r 1.45(35)i 1.39(20), 1.37(20). Here all 
lines with intensities above 10 and d/n>1.25 hare   -" 
been listed. This argument ifould in Itself be very 
weak» It Is greatly reinforced^: however, when we ....__ 
examine the thin sections (Table X?).« We first 
disease all films of Table XY exeest H« 0f *h« 
lines listed above, 2.42, 2*25, 1.6$, 1*39 and 1.37 
are either absent or appear with very low intensities, 
Lines at 2.74 and 1.45 do» however, appear. That at 
1*45 «an be accounted for sines the 2.04 line is 
present, which indicates metallic silver* But metallic 
silver also has a line at 1.45 whose intensity is equal 
o that at 2.04. This is precisely the situation la 
able X? and hence the 1*4$ line in Table XV Is due to 
silver whereas In Table XIII It was due to something 
else, this leaves the 2.74 line to be accounted fosv 
This cannot be due to Ag20 because this substance has; 
a strong line at 1.66, but the films of Table Xf  . ,v 
have very weak lines, or none at all, in this position« 
This line eannot be due to Ago because there Is no 
line at 2*59. 'Ri© closest are at 2.61 ••2*62 and even 

,these- are in general weak. The line at 2.74 in Table 
If msst therefore be due to another phase. These 
results tend strongly to confirm the view that all «f 
the strong lines for film I of T&ble HI are due to a 
single solid phase, which we may designate as the 
tty&ase, and this solid possesses one diffraction line 
at 1.45 which coincides with a silver line and another 
line at 2.74 which coincides with a line from a 
eseond solid phase, tfjg,•'"tÄteh""swnrs--iii--..!ths thin 
section* of the films. Further confirmation for this 
View is obtained by considering film H of Table X?» 
This is the only film which contains a line at 2*42 
or anywhere.in the vicinity. If, as seems certain, 
this corresponds to the 2,41 line discussed above, 
then the same phase (&) as in Table XIII is indicated 
and this line should be accompanied by ethers at 2.74, 
2.2$, 1.71» 1.66, 1.45. 1.39 and 1.37. Inspection of 
column H shows that this is indeed true and the 
relative intensities agree with those listed earlier. 
This constitutes very strong evidence in favor of the 
initial hypothesis. - 
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^'-r'Ä| «Kiatance of a solid phase % p whieh gxve»; yv 
rßjB9 te igroup of diffraetion lines, with the |*|jjlr;^w 
öj»\;äp^ftta.Ärly-proiidiioRt, seems to be fiaaiötf''. .-/3M/ 
established and these lines are the meet intense SH   ':.' 
films **«** <** H, I of Table XXIX*   There rwaelne^he'- 
^etiowof whether the weak lines at 5*36, 3«20, 3^00 
0mßi erlsev^ or fron a second~"V 
Aase #£»    The latter alternative, a new solid phase 
$2* eeeÄs to be the correct one *    This is in die at a4 ; 
Tfigrihe'^wt that the lines 3*36* 3*20, 3*00 etc* also. 
appear^isl the thin sections of the films (Table tf-.•;**%.. •• 
sxeept • film H) even though the absence of a line at ^ 
Z.41 indicates that y^ is missing.    In fact« the 
majority of the diffraction lines of Table XV (e*e»lfei:-•-''--• 
ÄK ean be accounted for on the basis of a solid phafi^ ^ ; 
if 2 ••••»* Metallic silver. v:^Mr-M 

~ As previously pointed out» AggO and' AgO are..../;^^^^-^ 
either absent or present in small proportion in iftoet" ^1 r 
of the films of Table X?.    Assuming only &> and silver 7 
to be present, the lines characteristic offh> can be , 
obtained and rough intensities assigned,    Tbia fallows 
because the intensities of the silver lines relative   4 
is/a 2 #04 are known (Table YD and the silver eontrieutiotis 
can be sub*meted out-   When this is done and the      g:?; 
relative intensities referred to the 2»74 line as . 
100 are calculated, the results of Table XVI are 
#bta&i«d*    The Ifx lines a**® also included in Table JfipE.- 
for comparison.    The intensities for the tfi  lines are 
obtained by considering films S, P, G, H, X of Table 
XXXI and are rough estimates«    There is considerable 
doubt as to the relative intensities of the 2*51*       , 
1*97. X*67 and 1*60 lines of the ©2 Phase.    The results 
»an be considered little better than rough «lessee. 
The 2.3© line intensity in Table XV is somewhat 
peculiar and the results are difficult to interpret. 
because the films contain silver, which has a line at 
2*36«    In sacral«s F, Q, I the 2.36 line seems due 
almost entirely to silver,  judging from its intensity 
relative to the silver lines at 2.04,  1.45 and 1»2§* 
This Is not the case,  however, for films A, B,  D, where 
the 2,36 line is much too intense to be due to silver. 
There seems at first sight a possibility that samples 
A, B.  B (Table XV) may contain Ag20» which has an 
intense line at 2*36, but further consideration makes this 
seen unlikely for the following reason.    Ag2° *&*<> has a 
line at 1.1*2 which does not apnear on films A, B,  30- 
The line broadening in thin films, previously mentioned, 
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T^BUtxrc, DIFFRAOTICN LIKES FOR 
SOLID PHASES <fx AND f 2 

A/n 
m 

-totm 

d/n 
J&t— 

2*74, 
2,41 
2,27 
1.71 
1*66 
1.45 
1.39 
1.37 

3.36 
3.20 
3.02 
2.74 
2.51 
2,36 
1.97 
1.67 
1,60 

40 
40) 

!lO 
(100 
(20) 

(10*100)? 
(10) M 
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1 «akes ft difficult to resolve a line at 1,42 from 
the »liter line at l.t-5, but resolution must be 
possible in film & since twTlines at 1.21 and'---"^r- 
1#23 are resolved in this case even though they* 
are separated less than l.li2 and 1.45 and, moreover„ 
they ari expected to be broader. Under these 
conditions it aeeae unlikely that the variable 
intensity of the 2#36 line is due to varying an&unts 
of Ag20, The variation is at present unexplained*. 
Wo have, however, included the 2.36 line in Table 
XVZ and indicated the range of Intensity variation 
after correction for the contribution of metallic 
silver, A line at d/n s 2.61 occurs in several 
cases. The intensity of this line is so variable 
with respect to the remaining lines of Ifj *** äü öf 
the Tables XIII XIV XV that it has not been 
included in Table XVI as a 5|2 line. Since only one 
line is involved we cannot tell whether a solid 
phase is indicated or whether something else 
li.e, solid solution formation) might account for 
its behavior. The discrepemcy between 2.61 and the 
nearest AgO line at 2.59 is consistently obtained 
and seems too large to indicate the presence of AgO, 
especially since the remaining line positions and 
intensities are not in good agreement with, these to 
be expected for AgO. 

Ü 

In summary it seeme to be established that a . 
solid characterised by the $2 lines of Table XVI 
exists, although we cannot be sure that the lines 
are characteristic of a single phase. The lines 
characteristic of thef^ phase seem better established, 

One item remains which is worth mentioning. It 
was thought at one time that the thick sections of the 
films oxidised at the highest temperatures (filme B, 
F* G, H, I of Table XIII) might correspond to a pure 
phase which was the most highly oxidized silver oxide 
obtainable by these methods. If this were the case, 
then the xfeak linos at 3.36, 3.21 and 3.02 might be 
considered as superlattice lines of phase *f«i. In order r 
however, to aecount for the absence of the "Hfi lines in 
the thin film sections in this way it is necessary to 
suppose that thef^ and f2 phases have three lines which 
«oineids at these positions, and this seems to be 
pushing coincidence a bit too far. The interpretation 
of the preceeding paragraphs seems to be more probable 
and is tentatively adopted for thle report. Further 
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information which "bears on th« assigment of these 
lines is discussed in Sections 4.3 and t+*k* 

Having no* obtained some information as to the; 
x*ray diffraction lines which characterise the various 
solid ohasas, it is vrorthwhile to return briefly to 
the consideration of the results. It is useful to 
discuss the thick and thin sections separately,    ; 

Consider first the thick sections. It has 
already been pointed out that metallic silver is 
either absent or present in very small proportion as 
indicated by the absence or weakness of the 2.04 
line. The oxide AggO is also present in only trace 
amounts in films S, F, G, H, I, This is indicated  .' 
by the low intensity of the 2.36 line in these films« 
It is further confirmed by the low intensity of the 
1.42 line. In films oxidized at the lower temperature? 
(A, B, C D) , only trace amounts of Ag?0 are present   v 

in Band C as indicated by the very weak line at 1,42» 
Films A- and D contain more Ag<?0 as indicated by higher 
intensity of-the Iji? line. To summarlsse, film. A 
contains an amount of Ag^O comparable with that 
obtained in the oxidation of massive silver, D contains 
less Ag20» and all other films contain very much less 
AgoO, Both «h and tyo  are present in all films*-f |. 
being nredominant. The ratio of f \  to If 2 is highest 
in B, tt  B, F, G, H, I. 

0onsider next the thin sections. Silver is present 
in all films except H, as indicated by a diffraction 
line at 2,04. From the intensity of the 2.04 line it 
appears that films F, 0, I contain the largest amounts 
of silver, films A, B, C, D contain roughly half as 
much, film E contains only a trace of silver, while 
film H contains too little for the 2,04 line to be 
detectable. The proportion of Ag^O must be small since 
thl3 substance has a diffraction tine at 1.66 while the 
thin sections of the films have either a verv weak 
line in this position or none at all» The 1,42 line is 
absent in all cases. The latter observation would be 
conclusive except for one factor. X»ray lines for the 
thin sections tend to be broader than for the thick 
sections, and the question arises as to whether 
resolution is sufficient to resolve the silver line at 
1,45 from the oxide line at 1.12. In films C, D, and 
H the resolution is certainly hlrh enough because In C 
the lines at 2,04 and 2.07 are resolved, in D 1#23 

63 



and 1.21 are resolved while in H 1.39 and 1.37 are 
resolved. It seems likely that resolution is 
sufficient in all cases, although conclusive 
evidence is not available from the diffraction 
soectra themselves. It seems justifiable to conclude 
that Ag20»if present, is in too small proportion 
to be detected. The diffraction lines at 1*66 must 
be due to some other substance. Itlhas previously 
been pointed out that phase if?  is present in the thin 
sections of all films while f ilm H is unique in that 
9 1 is present only in this film. 

One salient fact which arises from the foregoing 
experiments is the decisive influence of silver film 
thickness. By far the most significant and consistent 
differences in chemical composition arise between the-- 
thick and the thin sections of the films. Other 
variations in processing conditions failed to produce 
much change in the nature of the solid phases (except 
for film fi which seems more like an accident than a 
consequence of variation in processing). These 
remarks appl-r only to the chemicnl composition of the 
films. The particle size, (as determined by microscopic 
examination) and optical Properties, on the other hand, 
are auite sensitive to changes in processing conditions, 
including film thickness.  &.  _: 

In sneaking of "thickness" some oualificatlon seems 
necessarv. Many experiment*- by other investigators have 
shown th^t silver films contain!np- different amounts of 
silver pef unit area äffte differ in other ways than in 
linear extension. Micro structures of verv different 
kinds frequently arise. In passing from the thick to 
the thin section of a film of graded thickness the 
raierostructure of the film undoubtedly changes, and 
this alteration in micro structure mav be, in fact, the 
real reason for the difference in behavior. Weight per 
unit area rai«?ht well be a more useful quantity than 
*thickne3sn for characterising the films, although we 
have not made use of this terminology« 

It is now of interest to contrast the oxidation 
products obtained for evaporated silver films with 
those obtained in the oxidation of massive silver 
Section 1.2). In th* oxidation of massive silver 
silver wires) diffraction lines due to AR-, Ag^O, \^2» 
^^, are all•-obtained and It has been established 
that the order of occuranceof thersolid phases is 

& 
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tthst itf-ven, except that, the order of tf2, ¥l, is   ," 
unknown. Arnong the oxidation products of the 
thiek sections of evaporated silver films Ag is 
Missing and &59O is present only in trace amounts 
except in films* A and D. The thin sections of 
evaporated silver film3 contain A» and tfo after 
oxidation except for film H, which contains Ifi, Vä> 

,*•";- :   the final problem is to find the reasons for 
the rather unusual behavior described above. In 
this undartakinfl: the results obtained by Sennet a»d 
Scott' in the study of silver films is of considerable 
assistance. In order to establish a connection 
between our experiments and theirs vre consider the 
film thickness involved. To obtain the thicknesses 
•we fi&at consider the percentage transmission for each 
of the thin sections of the silver films before 

--  oxidation, The x«-rav diffraction data for the oxidation 
"•*• '..,'•--'   products obtained from these sections .nre f*iven in 

table XV. Usinft the transmission data, the thickness 
of each thin section is estimated from the data of 
Sennet and Scott5, allowance beino; made for evaporation 
time. These estimates, which are only approximate, 
appear in colu®n five of table XIIA* Then knowinp; the 
positions from which the various samples were taken and 
using-'the geometrical dimensions whieh prevailed during 

C|        : evaporation (Section 2), the thickness values for the 
thiek and intermediate ref»lons were computed/ these 

.,r,••••.:, result» are s^iven in columns three and four, of Table 
XIXA. these resultsj although approximate, are 
sufficient for our purposes. Note that no sample was 

. taken from the thick section of sample F. The 
diffraction pattern for this sample is the same in 
both tables XIIT and XIV. We now proceed to consider 
some of the results of Sennet and Scott* in more detail. 

It was observed by Sennet and. Scott, that below  * ' 
a certain thickness, the "critical thickness"*      ...... 
evaporated silver films consisted of very small 
particles (sometimes only a few hundreths o?  a micron 
in diameter) which were not in contact. That is, the 
particles rested on th« substrate in relative 
isolation, At the critical thickness they touch each 
other and above that thickness the particles merge, 
although perceptible voids remain in sorn^ cases up to 

.,:,./-."••    twice the* critical thickness or beyond. Ultimately, • 
L...T.r"',        of course, the films acquire a solid appearance. Of 
r-   ^      the films in Table XIIA six were evaporated in 25 

minutes, two in 15 minutes, and one in 2**0 minutes. 
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TABUS HU,    APPROXEUtB SILTBB FUJI THIOKOTSSES 

OF THÄ USUX SAHFLB KBQIOKS* 
Osone Oxidation« 

0 

B 

€ 

ö 

F 

0 

H 

I 

240 

15 

15 

25 

25 

2* 

25 

25 

fH3r     !»t t«riedl«5" 

930 

1200 

1500 

2300 

1300 

1750 

1200 

330 

-'££«.?••> 

270 

210 

190 

WO 

260 

350 

300 

200 

125 

90 

170 

110 

60 

70 

70 

50 



; A 'aaries of photographs is given in Sännet and S«ott*e 
.:{. wiper 6t f U»a evaporated in 20 minutes. From am 
inflection ef those photographs and a consideration 

-Off $1*-position of maximum radiation absorption, It, \ 
.«earns reasonable to place the critical thickness at 
'^^HjmS.200A for such films, this is only a rough  . 
.. .eat&jatiB,- At 175Ä.tih,e particles are still well ,i,v 
; ig^arated; at 220Ä some merTine;, usually in pairs* U 

:^ ifresident, although close contact is certainly Pot v 
1 l^ilfeiiahed. Bo data are *iven for films evaporated 
.•dJu&i&ijOmiöutes, Jüd*in*r, howeverv frbmtphoto^rai^s ^;'T 

:jgiveri £or a 75 minute evaporation and takin« account 
; Of the trend, it seems likely thnt/contact is not 
established below 400A. Those estimates are sufficient 

r\"for.-Our present purposes, ....::..-,.,•,*•). 

'•;-V-"'-" • Now considering the film thicknesses given in 
table XIIA it becomes clear at once that all of the ^ . 
thin sections have thicknesses below the critical 
so that we are dealing with very small silver «rainsh 
whiöi are not in contact with each other. Residual;: 
silver*'i? found in these thin sections (except film'8), 

;and hence it in established that large numbers of  • 
'•>«iwi)äÄf/'isolated, silver grains are hard to oyidi»fk t 

• '••;..fiws^fchilck sections, on the other hand, considerably - 
"ipcdeed the critical value in thickness, and these 
films contain no silver except for film I which has 
.a'ltfptt.ee> This establishes that closepacked small * 
silver grains ere easy to oxidise. In the intermediate 
sections films A and I have thicknesses less than the 

. critical, and both contain silver. Films D, F, 0, oh 
tfie other hand, have thicknesses definitely greater 
than the critical, D and P have no detectable amount 
of silver while G has a barely perceptible amount 
(the lim* at d/n» 2.04 has intensity 1). Films B, Q+ 
and Hi are so close to the critical thickness that we 
eannot classify them. One contains silver and the 
Other two do not. The correlation obtained betweenv - 
isolation of silver grains and the apnearance of 
residual silver is very pood indeed. There can be 
but Xittl« doubt that, failure to oxidise silver 
follows from the fact that the grains are not in 
contact. When contact is established, oxidation is 
complete. 

These observations ver«- strongly sug^stthat 
nucleation is an important step in the osone oxidation 

--.of^silver. If It is nece^sarv' to form a nucleus from 
which a silver oxide crystal can grow before oxidation 
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can occur» and if the nueleation rate ia low, then 
the above observations become understandable at once* 
I» a film consisting of a very large number of small 
silver sprains isolated from each other, at least 
one nucleus oust develop on each grain before oxidation 
can take place. If the nueleation rate is low, then 
on £oi38 grains nuclei do not form soon enough and they ,. 
remain unoxidised. Since the grains are so small, 
about 0.01 micron or 100A in diameter, oxidation 
proceeds rapidly, once a nucleus is formed, because 
there is not enough material to form a thick oxide 
layer to limit oxidation rate by diffusion* In thicker 
films, however, the grains, although small, are in 
close contact. Fewer nuclei are required because a 
crystal growing from a nucleus can spread to adjacent 
grains and grow indefinitely although perhaps with 
numerous imperfections. It is therefore plausible that 
a thick film can be oxidised completely while a thin 
film is not, because the oxidation rate for the latter 
is limited by the nueleation rate whereas the former is 
limited only by the rate of diffusion through the 
intervening oxide layer which forms* Further evidence 
which supports the nueleation hypothesis is the 
observation (Section 4.2) that ©«one oxidation of silver 
wires frequently starts at a point from which the oxide 
grows over a considerable area before halting* Oxide 
than forms again at a new point and grows until 
ultimately the wire is covered. This strongly suggests 
that a nucleus is formed at each such point* It suggests 
in addition that the nueleation rate is low, for if many 
nuclei formed simultaneously and were uniformly 
distributed, the oxidation would deem uniform.      — .« 

It seems desirable at this point to discuss in 
somewhat more detail what, is meant by a nucleus and 
to differentiate between two types of nueleation. It 
has been emphasised previously that x-ray diffraction 
/by powder samples scraped from thin films leads to a 
line spectrum* This proves that the oxidation products 
have an atomic arrangement which is well enough ordered 
to form a diffraction grating. A nucleus constitutes 
a small group of atoms sufficiently well ordered to 
serve as the center from which a crystal can grow. The 
nucleus is not necessarily perfectly ordered. According 
to recent theories of growth rates of crystals, slight 
imperfections (dislocations) increase the growth rate. 
Moreover, crystals of a foreign substance may serve as_..__ 
nuclei even though the crystal structure differs from 
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€ that of the solid to be formed provided only that = 
it conforms closely enough so as to intiate 
crystallisation. It is useful to distinguish 
between nueleation which is spontaneous (i.e. the 
chance formation of a sufficiently well-ordered 
arrangement of a few atoms to induce crystal 

 erowth) and that which is promoted tav the presence - 
of a template of some kind which makes particularly 
easy the first formation of a regularly ordered 
atomic Arrangement of;silver and oxygen atoms 
characteristic of the solid oxide under consideration. 
Such a template might, be provided by a foreign 
crystal as discussed above, or by one or more crystal 
faces of a silver grain whose atomic arrangement 
conforms to that of the oxide, or it might be 
provided by a disordered or distorted silver »train. 
tJo definite conclusions concerning; the mechanism 
of nueleation can be given at present. In the above 
discussion we have in mind an element of chance in 
both cases, A nucleus is regarded as formed only 
when the subsequent growth becomes certain. A 
template may increase the chance .of forming a nucleus 
without itself being a nucleus because the mere 
presence of the template does not assure that crystal 
growth occurs fromthat instant onward but only that 
at some subsequent time crystal growth will be 

|j initiated and will proceed thereafter, the probability 
of iniation being greater than in the absence of the 
template. Activation of the oxidising agent as in 
a discharge, might well increase the rate of 
spontaneous nueleation to such a degree that nueleation 
was no longer the rate determining step. This is a 
matter to be considered further (Section 4.33) in 
connection with the glow discharge oxidation. If 
nueleation is promoted by a template, then the 
nueleation rate might Well be Ssnsitive to small 
amounts of impurity which could either increase the 
rate by providing new or more favorable templates, 
or reduce the rate by unfavorably altering the 
existing templates. 

The above discussion should make clear what we 
mean bv a nucleus and also why the hypothesis of 
nueleation has been tentatively adopted. There still 
remains, however, the problem of accounting for the 
oxidation products. It has been pointed out that $3 
and Ag are the solid phases found in the thin sections 
except for film H. Phase Ifj is found only in film .H» 
On the other hand, both I** and «p2 occur in the thick 
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rfT) seetiflms along with traees of Jlg^O» siiv«i* i» 
• usually absent from the thick sections« Since fj 
Is found in one section of the film, it follows 
that ozone is a strong enough oxidizing agent to 

;   produce the phase. Absence of silver is not 
•*.' . essential to IM production since ^i is produced 

7  -u in the oxidation of silver wire (Section JU2) and 
exeess silver always remainsHih thoae experiment«Y~~" 
On examining tables XIIIt XIV, XV w© find a 

•;--~~r~---.— consistent tendency for fv to be absent from those '___: 
samples which contain the"nighest proportion of 

."' Ä   „.silver and to be present, in those .samjtlitaJwhich have 
the lowest proportion of silver. If our previous 
hypothesis concerning nucleation is correct, then 
the presence of unoxidised silver in a film indicates 
that silver particles were not in contact before 
oxidation« mis immediately suggests that Vfo  grains 
are still isolated to some degree after oxidation, 
and the failure to oxidise further to (p^ is again due 
to the slow nucleation rate in the oxidation of ^9  t0 
fo^» On the other hand, oxidation is faster in those 
sections of the films for which packing is closer and 
spreading to adjacent grains is possible, The fact 
that high proportions of fi tend to accompany low 
froportions of residual silver then arises because 
ow silver content indicates» in these particular 
experiments, close packing of grains and the required 
nucleation rate is thereby reduced« In silver wires, 
on the other hand, grains are always close packed, and 
silver content measures only the extent of oxidation 
and does not serve as an indicator of grain contact, 
unfortunatelyj the above view of grain isolation is 
not well supported by microscopic examination of 
oxidised films. At 400X with an optical microscope 

' particles are observed, and these particles must be 
of considerably larger sire than 0.1 micron. X-ray 

. .... investigation, on the other hand, reveals line 
broadening such as would be expected of particles 
smaller than are observed microscopically so that the 
observed particles are probably clusters. We do not 
know how extensive the clustering is and hence the 
above hypothesis is not definitely .disproven. On the 
other hand neither is it established. The question 
must remain open for the present since, no further 
experimental results are at hand to test it, and 
neith-r is any plausible alternative explanation of 
the results. ;\-^--r ~~7 

The distribution of Ag20 in the products is also 
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of interest. This substance tends to appear in bigh«*^ 
proportion in the thick sections« Even there the  vv 
proportion is smell in most cases» The oxidation ojf ;;_ 
silver *fire showed that partial, but deep, oxidatioatf 
in which the supply of silver is not exhausted lead ;; 
to the formation of a layer of Ag20 between     ^ f 
unoxidi zed silver and the higher oxides f\r ^h, •    ^* • 
presumption is strong that unoxidis5ed silver provides: ; 
a souroe of silver atoms which-diffuse through the  ; v 
layer at a sufficient rate to react with excess:  i^CT f; 
oxidizing agent and thus prevent the further oxidation 
of AggO. It is a known fact that ozone can oxidize 
raonovtlent silver: to the divalent or trivalent state 
(Section 4*4} • When, therefore, the supply of silver.' 
is exhausted, further px Id at ion of Ag20 to ^t, fo 1^ ^_ 
to be expected. In the thin sections of silver Films 
the small (*»iOOA) silver particles oxidize rapidly 
to completion once a nucleus is formed. Hence A22O, 
if formed at alt, is rapidly oxidised further, in 
the thick sections the supply of"silver is greater so '...+, 
that, even though the supply is exhausted, complete 
oxidation of Ag2Q do^s not take place within the time 
of experiment. In the oxidation of a large silver grain 
It seems highly likely that at some intermediate stage 
the grain consists of a core of silver with Ag20 
surrounding It and an additional layer of q% or t|2 f 
(or both) surrounding the whole, Whether even very small 
»»rains pa«s through such a stage, is unknown. No 
definite indication of Ag20 has been found in the study 
of films, thin enough to consist of isolated grainsr~~LT^: 
oxidized W ozone, rf, or glow discharge. „To summarise, 
the low Ag20 content of oxidized thick silver films i» ; 
comparison to partially oxidized wire is due to 
exhaustion of the silver supply in the former case but • 
not In the latter. In the very thin Sections of silver 
films the coexistence of ^ and Ag without Ag20 is  r 
possible because the intimate contact necessary for the 
diffusion of silver is not established. 

4.32. KF oxidation of 
evaporated, silver fllagi 

As a result of the difficulties encountered 
in oxidizing silver films from 50 to 905» transmission 
during the preparation of semitransparent cathodes a 
special tube, PT27j was constructed« At the time the 
experiment was performed we were under the erroneous 
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Impression that failure to reach 90?& transmission was 
due to incomplete oxidation. Because of this 
impression an effort was made to oxidise the film as 
completely as possible. The x-ray diffraction results 
are therefore of some interest as an example of a 
heavily oxidised silver film. 

In tube FT27 the cathode consisted of a lx31nch 
microscope slide with a chemically deposited platinum 
film boundary surface and an evaporated silver wedge 
deposited over the surface. The slide was mounted in 
nickel clips which were attached to the nickel-tungsten 
lead-in wire through the pyrex tube envelope. The 
anode was a nickel-tungsten lead-in wire. 

The tube was sealed to the vacuum system and 
outgassed at 250~280°C for 1.5 hours. After 
introducing oxygen to P02* 0.861 ram Hg, the slide was 
repeatedly oxidised with the glow discharge produced : 
from a repeatedly charged high-voltage condenser. 
During this high-voltage glow oxidation the film 
appeared to be oxidising only at discrete points on 
the surface rather than uniformly overthe surface* 
The final oxygen pressure was 0.833 mm Hg with only 
a small change having occurred between the 150th and  _ 
350th condenser discharge. An aluminum foil sleeve 
was thenplaced around the central section of the tube 
and was connected to the rf oscillator« The first rf 
discharge reduced the pressure from 0.333 to 0,650 mm Hgj 
the second from 0.650 to 0,605 mm Hg, and the third 
from 0.605 to 0.564 mm Hg. During this process there , 
was anincr«ase in the transmission of the surface, ;, 
the 39* region increasing to approximately 60!» 
transmission. The tube was then sealed off the vacuum 
system, the tube envelope fractured and the slide 
removed. The film contained approximately 26 
mlcrograas of oxygen per square centimeter. 

Microscopic examination of the slide at 15» 45* 
90g and 440X showed a distinct variation in the 
structure of the oxide film along the wedge. In the 
0-1 region the surface consisted of a very nodular 
black oxide film resting on a substrate of unoxidiaed 
silver. In the region 1-2 the oxide was aggregated 
and the transmission was greater than in the 2-3 or 
1-2 region. Prom 2-3 the film changed to a semi- 
transparent continuous film of a blue-green color, 
which changed to pale red at 4, and a yellow-pink at 5« 
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Accompanying the color changes there is a continuous 
increase in the transmittanee of the film* By 
reflected light (air-oxide interface) the 5 cm region 
was red, changed to blue at ht  yellow at 3, to blue 
at 2. and black between 2 and 0. Microscopic _ 
examination of the oxide film between 2 and 5 at UUOZ 
showed a continuous film with occasional islands of 
aggregated black oxide. 

To establish the composition of the film, x-ray ~ 
powder samples of the oxide were removed from the . 
2.5 - 3.5 region, and the 4..0 - 5.0 region. The 
diffraction data are presented in Table XYII, Prom 
the diffraction data it is apparent that the silver 
was practically completely oxidised in the region 
from 2,5 through 5»0. Thus it was established that, 
in the early experiment» on the preparation of 
transparent, cathodes, the silver wsa practically  - --- 
completely oxidized and the experimental difficulties 
encountered in oxidising to 90% transmission could 
not be due to the incomplete oxidation of the silver« 
In Table XVII the interplanar spacing data for the 
AgO oxide and the ozone granular oxide of the thick 
section of film 8 (Table XIII) are compared with the 
data for PT27. It is Vbvious that the line positions 
and intensities for film E and PT27 are in close 
agreement. The same solid phases are obviously 
present in the two cases. It must be noted, however, 
that film 3 is not typical of silver films oxidized 
.at high temperatures* Inspection of Table XIII shows 
that the 2,62 line la much weaker in films F» Q-, H; I 
than in S. We have already concluded that P, G, H, I 
contain two phases, ^\ and $~, the former being 
present in much greater proportion. This suggests  - 
that E contains still another phase as indicated by 
the strong 2,62 line. There is a further possibility 
that this additional phase is AgO. However, the line 
positions are not in as good agreement as we believe 
the data justify, especially in view of the sharp 
x-ray lines involved. Because only one x-ray 
diffraction line is involved we prefer, for the present 
to leave op^n both of these questions. That is, we do 
not claim that an additional phase is conclusively 
established nor that the questionable phase is AgO. 
We do claim, however^ that the products of rf oxidation 
are the same as for ozone oxidation of film S, and 
are generally similar*to those obtained in the ozone 
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o TABLE XVII.  INfEEPLAKAR SPACING DATA 
FOR RF OXIDE, TOBE PT27 

The d/p. TaX«e« are in angstroma, followed by relative 
mmüm oa •••• •• .     , 
ffegXon 

d/£(I) 

PT27 
SSgZÖB 

«ifcta 
A«0 

d/n(I) 

Sample fi 
Table XIII 
d/nTl) 

3*35 25 
3.1? 25 
3.06(10 

2.77(100) 

2,61 2?) 
2.50 3)v 
2,41(50) 

2.28(25) 

1.96(1) 
1.871) 
1.74(10* 
1.70(20) 

1.68(15) 
1.62(20) 

1.48(15) 

1.4^(20) 

1*41(15) 
1*39(20) 
1.35(5) 

1.31(10) 
1.24(1) 
1.21(10) 

3.36 25 
3.1« 25 
3.05(10! 

2.76(100) 

2.63(30) 
2.50 5), 
2.42(40) 

2.28(30) 

1*74(10) 

1.68(8) 
1.62(15) 

1.48(10) 

1.45(15) 

1.41(10 
1.39115 
1.35(2) 

1.31(1) 

1.21(5) 

2.74(100) 

2.59(27) 

2.38(83) 

2.25(33) 

1.73(15) 

1.6? 50 
1,66 17) 
1.61(35) 

1*47(31) 

1-45(50) 
1.42(14) 
1.41(14) 
1.3Ö 5Ü 
1.35(12) 

1.31(17) 

1.20(23) 

3.36 12 
3.19(12) 
3.02(2) 
2.87(2) 
2.75(100) 

2.62(20) 
2,51 6) 
2.41 75) 
3.34(2) 
2.28(35) 

'ruft. 

2.12(1) 

1,84(1) 
1,74(4) 
1,70(20) 

1.66(25) 
1.62 12) 
1.52(1) 
1.47(6) 

1.45(40 

. H *•' 

1.41 
1*39 
1*37 

2K 20) 
12) 

1.35(1) 
1.31(4) 

1.21(8) 
1.18(1) 
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TABLE XVII.     (Continued) 

PT 27 
Region 

dfetl) 
AgO 

d/nU) 
Sample E 
Table XII 
dfa(I) 

t 

1.14 1 
1,12 2)k 
laocio) 
1.07(61 

1.05(d) 
1*04(3 
1.02(6) 

.950(1; 

.945 5 

.932(5] 

.914(2) 

.684(1» 

.021(2) 

.612(2) 

1.14(1) 
1.12(2) 
1,10(4) 

1.07(4) 

1.05(1) 

1.02(1) 

.953(2) 

.931(3) 

.914(1) 

1.14 5) •• 
1.12(17) 
1.10 31) 
1.09 15) 
1«06(25J 

1*05(12] 
1.04(12 
1.01(14) 
.997(6) 
.987(10) 

.960(5) 

.971 1} 

.953 4), 

.941 29) 

.929(29) 

.923(10) 

.910 10) 
,696(8) 
e883(21) 
.872(5) 

.866(6) 

.849(23 

.838 12) 

.830(15) 

.821(31) 

.814(4) 

.811(31) 

.810(13) 

.804(50) 

1.14 2) 
1.12(20) 
1.10(10) 
1.08(12 
1.07(12) 

1.05(2) 
1.04(a) 
1*03 4 
1.00(2) 
.990(2) 

•979(10) 

.950(3) 

.929(12) 

.913 ( 
• 896(«, 
.633(5) 

.856(1) 

.842(1 
,883(5 

.616(6) 

.805(8) 
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oxidation of films F, G, H, I except for a possible 
additional phase. Both ttfi and *f2 

are certainly 
present in the rf oxidir.eä silver film. 

A microscopic examination of a heeyily rf 
oxidized silver film of graded thickness has also 
been made. The oxidised film was striated in a 
manner suggestive, on superficial examination, of 
interference colors. These colors are probabiv due, 
however, to the distribution of small particles in 
the film (see Appendix III). 

^.33. Direct current glow 
discharge oxidation, 
oJLsllver wedgegj. 

For the glow-discharge oxidation study 
the evaporated silver wedge tube design discussed in 
Section ?.l was used. With this tube design it is ,.,,«.-«.- 
oossible to" deposit, s silver wedge of varying thick- 
ness« Herce the effect of varying silver thicknesö 
on the oxidation could be Studied, 

A series of six wedge-type tubes were prepared 
in which the change in the percentage transmission 
{S«*4 surface and white light) of the 50# transmission 
region durinr the glow discharge was investigated. 
The data on the tube »reparation are given in Table 
XYIII. In the oxidation of tubs 19^7*14-1 the discharge 
was maintained for 6 minutes in order to verify that,:: 
with 360'voltp across the tube and #«10 ma current, 
the cathode was completely covered by the glow discharge, 
When tube 1927*15*2 was oxidized the transmission 
appeared to pass through a maximum and cohsequsntly 
the remainder of the oxidations were performed by .just 
flashing the high voltage on and off using 1 to 2 
second discharges. The percent transmission versus 
total discharge time for the last four tubes prepared 
is shown in Fig. H. The results for tube 1927-15-3 
hav* already been us<?d in Section 3-5 to illustrate 
the dependence of li^ht transmission on extent of 
oxidation. The x-rav diffraction data for the samples 
indicated in Table XVIII are presented in Table XIX. 

The transmission curves in Pig, Ik clearly 
demonstrate that in oxidation the transmission of the 
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TABLE XIX. INTERPLANAR SPACING DATA FOR 
HIGH VOLTAGE DC GLOW DISCHARGE 
OXIDIZED SILVER WEDGES 

Tfr« d/n -raluea are in angfltrom«. fbllcwd far galatiy IntanslWll 

BUck: BU«* BU& 
d/n(I) d/n(I) t/S?I) 

Black 
d/h(I) 

^Sojl7***4 

Black 
d?n(I) d/nU) 

0 

3.40(40) 
3.21(50) 
3.01(5) 
2,77(100) 
2.67(1) 

2.36(40) 
2.22(10) 

2.05(8) 
1.96(45) 

1.60(20) 

1.60 
1.45 

20 
20 

1,39(8) 

1.24(15) 

1.226(5) 
1.19(8) 
1.14(10) 

.912(2) 

.836(2) 

.786(1) 

3.38(30 
3.21(50) 
2.99(5) 
2.78(100) 

2.51(5)        2.53(10) 

2.36(40) 
2.21(5) 

2.04 4)% 
1.97 50) 
1.84(1) 

1.68(20 

1.45(d) 
L.39(5) 

1.61(20) 
1," 
h 

1.24(15) 

1.228(5) 

1.14(10) 
1.07(2) 
.981(2) 

.924(1) 

.879(1) 

.838(1) 

3.39(30) 
3.20(40) 
2.98 5) 
2.76(100) 
2.64(5) 

2,51(10) 
2.43 4) 
2.37 10) 
2.23(5) 

2.05(5), 
1.97(20) 

3.38 30 3.40 30) 3*40 25 
3.21(50) 3.20(40) 3*21(40) 
2.99(10) 2.91(10) 3.00(5) 
2.76(100) 2.76(100) 2*76(100) 

20)      1.68(10) 

1.61(10) 
1.45 12) 
1.39 5) 
1.28(4) 

1.23(15 
1.181(4) 
1.13(5) 

.915(5) 

2,53(2) 

2.36(8) 
2.20(5) 

2.08 
1.96 
1.81 

5), 
,2* (10) 

1.67(15)* 

1.60(10) 

Broad 
Lines 

2*54(15) 

2.36(10) 

2.11(12) 

1.96(25) 
1.82(4) 

1*68(6) 

1,60(5) 
1.44(4) 
1.30(3) 

1.24(10)      1,24(10) 

2.51(10) 

2*36(40) 
2.24(2) 

2,05(10] 
1«97(20) 

1,68(8) 

1,61(3) 
1.45(20) 
hllm 1.28(1) 
1.24(25) 

1.19(8) 
1.136(8)      1.14(3) 

,939(5) 

.916(6) 

.$35(4) 

.786(4) 
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TABUS XIX«    (Continued) 

^^\m 
» 

Black 
d/tt(I) d^(ir        dAi(l) 

Y«llcw 
d/n(I) 

... •.'„«:. 

5.43(40) 
3.aUoi 
2.98(5) 
2*75W) 

3.3? 25 
3.2125)      .     „a4 
2.96(5)        2,96(0) 

3r39(30) 
3.20(20) 

2I76II60)    2.75UOO) 

2.48(10) 

2.36 
2.25 
2. 03(2 

100) 
53 

2.06(10) 
1.97(8) 

1*60(5) 

1.45(15) 

1*24(20) 
1.21(5) 

.93* 6 

.914 6) 
•034(5) 

.36(50 

.22(5) 
) 

2.05(20 
1.97(20) 
1.67(10) 

1.61(5) 

1.45(20) 

1*24(25) 

1.19(0) 

1.01(1] 
.9*0 5 
.916 f 
.835(8) 

.706(4)        .706(6) 

2.43 1) 
2.35 50) 
2.22 1) 

2.0L J) 
1.96(15) 
1.68 10 
1.64(12) 

1.45(15 
1.397(2 
1,24(17) 

1.10(5) 

.938(4) 

.917(4) 

3.42 30) 
3.21 30) 
3.01(5) 
2.76(100) 

2.50(20) 

2.36(40) 
2.21(2) 

2*07(6) 
1.96 20) 
1.67(7) 

1.61(10) 

1.45(15) 

1.24(16) 

1.19(4) 

1.14(1) 

.939(2) 

.917(4) 

.037(1) 

3.39 
3.19 
3.01 
Ml 2.68 

30 
40) 
5) 
80) 
10) 

1.61(5) 

1.45(30) 

1.24(35) 

1.18(20) 

l.i34(5) 

.940(20 

.917 25 

.035(20) 

.706(1)        .706(20) 

3.41(20) 
3.20(40) 
3.02 5)• 
2.28 100) 
2.57(1) 

2.36(100)    2.36(40) 
2.22(10) 

2.0L 5), 
1.96(20) 
1.67(8) 

1.61(10) 

1.45(15) 
1.396(2 
1.24(20) 

1.17(5) 

1.136(4) 

.941(2) 

.917(2) 
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film increases to a maximum and then decreases. 
This observation accounts for the difficulties 
previously encountered in oxidising to 9056 
transmission« The oxidation methods previously 
used were so rapid that the maximum was passed 
without recognising its presence. 

In the preparation of the oxide Samples for 
the x~ray diffraction powder specimens, several 
interesting observations were made. When the 
film for the powder specimen from the first four 
tubes was scraped, the oxide was observed to be 
black when aggregated, easily removed, and easily 
pulverised. The oxide in the 90S» transmission 
tubes, when the tube was scraped, tended to peel 
and had a continuous film-like structure, a yellow 
semitransparent appearance, and was not easily 
pulverised for loading into the capillary. After" 
being pulverised the oxide was black, A powder 
photograph of the yellow oxide was prepared 
immediately after filling the capillary, and a 
second was made three weeks later. The first 
photograph indicated that the silver particle si?e 
in the sample was very small, probably appreciably 
less than 100A, since no silver lines were observable 
with interplanar spaclngs less than 2.0J+. The second 
photograph, which involved doubling of the exposure 
time, shovred sharp silver diffraction lines indicating 
that the silver crystals had grown in sirse. It would 
be of interest to investigate this phenomen using 
focusing x-ray cameras with which it would be feasible 
to study the actual surface film. Considering the 
results quoted in the previous section on the formation 
of transparent yellow sections in the rf discharge 
oxidation of a silver wedge, it is evident that the 
formation of the yellow transparent oxide film involves 
a fairly complex process. Actually the amount of oxygen 
per unit area for a 903* transmission tube is of the 
order of magnitude reouired for the formation of the 
•first-order yellow color on the massive cathode tube. 

From the x-ray diffraction photographs it is 
evident that a crystalline oxide phase is formed during 
the oxidation process. It is also evident from the 
diffraction line at d/n» 2#01*A that residual silver is 
present in the surface, and that a high transmission 
does not imply complete oxidation of silver. Silver 
is oresent in both the thick and thin sections of the 
film. This is in contrast to the results for ozone 
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oxidised films where metallic silver was found mainly 
in the thin section», There is no real contradiction 
of the results of Section if«31, however, as is pointed 
out later« 

Prior to considering in detail the x-ray data 
of Table XIX it is to be noted that the interplanar 
spacing and intensity data for these samples are 
subject to greater error than for the thick oxide 
films of Section 4.311 because of the-line broadening 
associated with small crystallite sisse. 

The nature of the solid phases produced on do 
glow discharge oxidation can beet be indicated by 
comparison with ozone oxidised films. In Table XX 
the x-ray powder diffraction pattern for film B of 
Table XV is compared with that for a UO  - 60% 
transmission silver film which has been oxidised to 
90J* in a dc glow discharge (see Table XUC), The 
diffraction patterns-are in fairly good agreement» 
The chief points of difference are (l)  at high values 
of d/n the line positions do not accurately agree, 
1*1) several weak Tines in the o*one oxidised film are 
absent from the other film» (3) the lines at 1,67 and 
1.61 are more intense in the glow discharge oxidized 
film, and (L)  in the glow-discharge oxidized film the ; 
lines at 3^'fcjjf.'.and i«2*V have higher intensities 
relative to the line at 2,07 than would be expected 
for metallic silver. The first of these discrepancies 
is probably due to high background at high d/n and 
to line broadening« If we examine Table JR.  we see 
that some variability in lino position is found« The 
discrepancy is probably not serious« The second 
discrepancy must be minor since the lines are so weak« 
The greater line broadening in the glow-discharge 
oxidized samples makes it difficult to observe the 
weakest lines« The third discrepancy is unexplained« 
Comparing Tables XV and]ffl[ we find a consistent tendency 
for the 1«67 and 1,61 lines in Table XV to be weaker 
than in Table JB. The two lines tend to have equal 
intensities in both cases, however«We cannot be sure 
whether an additional phase is indicated or whether 
the intensity scales are somewhat different in the two 
cas^s because of differences in line breadth, The 
fourth discreoancy seems to be of general occurrence 
(see Table XX) and indicates that another phase may 
be contributing to the lines at 1.45 and l«2i. (and also 
to 2«36). Again the results are not quite conclusive« 
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TABLE XX.    COMPARISON OF OZONE AND GLOW 
DISCHARGE OXIDIZED SILVER FILMS 

totrtttUY 03 
Ogon© 
FtliD 
Tabls XV 
d/n(I) 

js-croms, roxxowea oy relative 

DC Glow Discharge 
Tub« 1927-16-5 
40*60% Transmission 

3-42(30) 
3.21(30) 
3.01(5) 
2.76(100) __—.-.  •• '•'•_• ,'..'• 

2.50(20} 
2.36(90) 
2.21(2) 
2.07 6) 
1.96(20) 

Ag 

AR 

1.67(7), 
1.61(10) 

141(15) Ag 

1.24(16) Ai 

1.19(4) 
1.14(1) 

•939(2) 
.917(4 
.83711) 
.706(1) 

3.36(40 
3.1*140) 
3.02(2) 
2.73(100) 
2.6«(3) 

.50(10) 

.36(90) 
2, 
2c_ 
2.19(2) 
2.0520) 
1.96 6) 

1.60(2) 
1.60(2) 
1.51(1) 
1.44(20) 
1.2S(1) 

1.23(30) 
1.21 1) 
1.16(5) 
1.14(1) 
.907(1) 

.940(5) 

.917(6) 

.036(5 

.787(4 

Ag 

Ag 

Ag 

Ag 
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Össpite these uncertainties there can be no 
auHtbi 1» to the similarity between oxidation pr©dtti|l# 
obtained in the two eases, and we conclude that in 
giowidiecharg» oxidation solid phases %  and Ag o&mr* 
There is also a possibility, not definitely proven, 
that thsLife lines are due. either to «ore than one 
^ias» or to a solid phase of variable compositions : 
The whole difference in powder diffraction patterns 
Is one of intensity and this is not large, especially 
considering that the intensities are visual estimate;« 
and the lines have different breadths« Beyond this 
we cannot. go at present. 

There is some doubt as to whether Ag,,0 is present 
or not, It seems highly unlikely that an? large 
proportion of AjrgO is present, but a small amount 
mi*ht regain undetected. As has been pointed out 
previously the Ag20 line at d/n» 1.42 probably 
constitutes the best test of whether-AgfcQ ia present« 
The neighboring silver line at d/n »1,4k is, howevert 
very close nnd we have always to consider the question 
of whether reduced resolution due to line broadening '•';. 
might prevent resolution of the two. In the case of 
the regions with 40-60 and >60% transmission of tube • 
1927»lkr4 (first and second columns of Table XIX) * 
resolution is clearly high enough since a line pair 
at 1*24, 1*226 is resolved in the first case and a 
pair at 1.24, 1.22Ö is resolved in. the second case». 
In"neither case is any line at 1.42 found and hence 
Agg0 i® either missing entirely or present in very 
small proportion. The remaining samoles of Table XU 
do not have a line at d/n »1.42, but at the same time 
adeouate proof of high resolution is not contained 
within the data and hence we cannot unambiguously 
conclude that Ag20 is absent. At present we can only 
say that there is no evidence for any lare;e proportion 
Of Ag*>0» 

Prom the volume of the system (1 liter) and the 
pressure change on oxidation the amount of oxygen in 
each film can be calculated. The film area is subject 
to error because the thin section boundary is not 
clearly marked. The estimated area is approximately 
35 eta » Using these data the weight of oxygen per 
unit area in each film is as giv<=m in the following 
table. 
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Tube No. . ßL.9wgpn/qa£ % Transmission 
1927-14-1 :,"V          7.7 77 
1927-15-2 3.2 69 
19?7-15-3 1.9 . 67 
1927-16-4 Ö.2 72 

» 

;        The percent transmission is that, after oxidation and is 
measured at the point for which the silver film transmission 
before oxidation was 50$. In the case of tube 1927-15*3 
the initial Oxyden pressure was 0.610 mm and the pressure 
when the transmission first reached 91# (at. the point 
for which initial transmission was 50)o)  was 0.600. 
Prom these data the film contained 0.49 Jltf/cra2 of oxyjB-en 
at 91$ transmission. This is comparable with the amount 
of oxygen required to oxidise a silver sheet to the fit'st 
order yellow. The amount of  oxygen raouired to reach 90# 
transmission is probably not accurately reproducible. 
Tube 1927-16-4-is unusual in that 90* transmission was 
never reached (see Pit»:* 14). 

Prom the data of Sennet and Ccott^ it follows that 
a silver film with 50$ transmission, which is evaporated .„_:._ 
as for examnle in tube 1927-14-ir-^s a thickness 
somewhat less than 10QA. A 100A silver film contains 
0.9x10""'pram atoms/cm'", if close packing is assumed. 
Tube 1927-14-1. contains 4.9x10*" 'srain atoms of oxypen or 

L;'„ Ä about five, pxyp-en atoms for each silver atom in the region 
ijp for which the initial silver film transmission was ?0%. 

As pointed out previously the estimates of cathode area 
..._- are Subject to considerable error because the boundary 

I" at the thin section is not clearly marked. In addition, 
the silver evaporator is -sealed-in-ana some oxidation 

jjr of the bead and thp silver intercepted on the shield 
is to be expected. Nevertheless, the ratio of 5 to 1 
for oxvpeen to silver atoms exceeds by considerably more 

! than any'reasonable experimental error the 3 to 2 ratio 
for the>.rraostL..highly^^üxldized silver compound reported   , ; 

- in the literature. liespite the fact that the average 
amount of oryerer. taken up considerably exceed« thrt 

I required to oxidise "ilver completely to the t rival ert t 
!' .._ state, metallic silver still remains in the section of 
f. oxidized film which had kO  - 60% transmission before 

oxidation (see Table XTX). In fact, metallic silver is 
jjr- also found in the still thinner section for which the 

initial transmission was ^renter than 60$ (see Table 
XIX). These results can be accounted for only on the 

i basis of the assumption that the thircker sections of the?« 
silver film take up more-oxygen than ^Süsi thin sections. - - 

i 
105 



The isäj^'grttttatipn prevails for tube 1927«15M2 biitr 4L 
not necessarily for 19*7-15-3: ©r 1927-16-J* situs«  |*" 
oxygen take-up in the latter cases is »mall* ft 
should be pointed out t*at film sections were : ;: r ._ ... 
contained in the tubes which" were considerably ....—•-•/ 
thicker., than any ßröli wSich the samples- of :JTablei;^,-: ••'•:• - 
"$fT^#er/5 taken.    .,.,-......_';.;;.,;- :.'.;',.:;^-^/ 

It has p:reViousiy" been pointed, out that, the.'--;- -:' 
;samr>les of Table XIX  oxidised in a. dc $low discharge-:;—.— 
rvntvvin sliver in both the thick and thin sections-, 
'•/hereas the ozonp oxidized samples öf Tables Xlil, 
XIV, XV contain silver in the thin '-sections! but not 
in the thick sections« We mipiht expect differences ;-^: 

'merely because the oxidation methods are different« ... 
%?verthel«ss. oxidation of silver wires bv osone and ?. :I 
bV rf frloV' dvsehari?e has been found to lead to the -- 
same oxidation products (Section i.2) so it becomes 
of interest, to inquire more carefully into possible 
re a pone for tv difference other then oxidation method. 
."lore care^VI, consideration show? that all of the 
..samples of Table XXK come, from film sections which 
are "thin" 5n comparison with the 07/me oxidised 
sanvnleg of Section k.'31« Consider, for sxamule. the 
thickset o^mnle from tube 1927-iL-l of Table XIX, 
The transmission was approximately 2C$. The thin 
section of csore oxidised film D vrar. scraped from, the 
section 3.5 to /<-.:5cm from the thick end, and from" ; —- 
Fip. 11 it follows that the percentasa transmission 
at 7OO 11 w?« less than 20$. The evaporation times, 
& minutes for tube 102?-li+<»l compared to 15 minutes 
for film-D, do not differ enough to materially alter 

•"the •••fact that'even the thick section of tube 1927-14-1 
is comparable in thickness with the thin section of  -- 
film D.  It is highly likely thet even the thick section 
of the former tube has a thickness below the critical 
value at ^hich silver Tain contact is established. In 
the re'ieinino- tubes the evaooration time is much smaller 
(see Table XVIII). The results of Sennet and Scott'* 
Show that critical thickness goes down with decreased 
eVärs'vration time although it is about 10DA even for a 
-2~sec evauoi"?i:ion-,^ho thickness of the intermediate 
and thin sections of Table XIX are unquestionably 
below the critical, and at least some portion of the 
area scraped in sampling the thick section also has 
thickness below the critical, 'hren the thickest portion 
of., the thick-section..is _Jjus.t. on the_.verge of.jfc^e- •.._.. ,_......__. 
critical • thickness.^.v1""':^: :;;:--V^.",:'^:;.':\\  '"•••- 
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It ««•as very reasonable, therefore, to compart 
pJJ the samples of Table XIX to the thin sections of 
the osone oxidised samples of Table XT. It hae 
already been pointed out that the x-ray diffraction 
spectra are very similar, the chief differences being 
in intensity, and it is not sure that the differences 
are significant. On the Whole there is a striking 
similarity between the products of oxidation with 
oeone and with the glow discharges not only for 
inteatve silver but for thin silver films» again we 
find that film thickness is the decisive factor in 
determining the Oxidation products« We do not mean 
to imply that the oxidising agent in the glow discharge 
im  actually oeone. There is no evidence forthis view« 
It is possible that some osone is produced is the low 
pressure glowdischargef but the steady state partial 
pressure must be small since* with inert electrodes» 
the pressure change on operating the discharge is very 
small* •.'.-- 

It seems clear that oxidation brought about in the 
g'ow discharge by positive ion bombardment will be less 

thin than in thick films because of electrical 
isolation in the former* Oxidation brought about by 
electrically neutral species can alao be smaller» This 
is demonstrated by the osone oxidations of Section 4*31, 
and quite poeelbly the same situation may prevail in 
oxidation by neutral species in glow discharges even 
though the oxidising species are not the same in the two 
cases, provided that nucleation is the rate determining 
step in thin films* The evidence thus far quoted does 
not distinguish between the two alternatives» It is, ,  
In fact» possible that both positive ions and neutral 
species contribute to oxidation» 

There is some evidence which points to nucleation 
rate as an important factor in glow discharge oxidation« 
The highly nonunlform oxidations obtained with certain 
evaporated silver films has been pointed out in Section 
3» The films referred to had thicknesses of 10SQ00A, 
much greater than the films to Table XIX» It seems 
certain that particle contact is established in such 
thick films and that current distribution in the base 
metal cannot account for the nonuniformlty. Moreover, 
visual observation indicated complete cathode coverage 
by the glow In oxidation of these samples« This 
observation is of course, only qualitative and does not 
insure accurate uniformity of current density over the 
cathode. At the time the experiments were performed, 
however, we found It hard to reconcile the nonunlform 
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oxidation with tho Idea of itonualfor» current density 
in view of the appearance of the discharge. It has 
also bean pointed out In Section t..2 that nonuniforra 
oxidation of silrer wire by rf glow discharge has been 
observed which is very similar to that observed in 
o«one oxidation. This observation is again consistent 
with nucleation. Finally, the observation in Section 
k.32 that oxidation beginning at points, and not 
spreading far. was observed in oxidation of a silver 
film of graded thickness by repeated discharge of a 
condenser is also sugge«+ive of a nucleation mechanism. 

"the hypothesis of a lo-v nucloation rate seems fr,o us 
to be plausible in view of all the evidence* In the case 
of the glow-discharge oxidation of thin films w« cannot 
exclude, however, the ponsibility that electrical iso-» 
lation Is responsible for the failure to nucleate. tery 
thin insulating layers of some impurity may also be a 
factor. At present both of these must be lumped with 
other factors as possible causes for'what we have called a 
"low nucleation rate*. In other words we have nothing to 
of**er as a mechanism by which nucleation is promoted or 
retarded. 

jfey ^mmer^ial process_t 

In addition to the tubes described in the 
preceding section, x-rav diffraction patterns have beon 
prepared of the oxidised surface formed by the rf oxidation» 
using a-commercial process, of evaporated silver from 30$ 
to approximately the maximum transmission.  In the. 
diffraction pattern the lines shovm in Table XXI were observed» 

: TABLE XXI. INTERPLAKAR SPACING DATA FOR 
COHMäUCIALLy RF OXIDIZED SILVER FILM. 

•His A -*fc ,, 
3.21         (10) 1.61 {2} 
3.00          (55 1.^-5 C20.-AgfX 
2.75        (100»   Broad 1.23 (20)-Agix 
2.66        (100)5  Band 1.19 (5 -Ag 
.36    S0)-Ag+ X     0,930 

2.05  -••(l-5)-Ag-      0*915   -U -Ag 
1.97   (5 O.Ö33   m-km 
1.89   (1) 0.7Ö5   (2)-Ag 

*We are indebted to R.G. Stoudenheimer of the RCA Victor 
Division of RCA for these partially processed tubes. 
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Th« transparent oxide film in these tubes exhibited 
the yellow color previously Observed} however, on 
scraping a black oxide aggregate rather than a peel 
was obtained. The x-ray diffraction photographs 
clearly demonstrated the presence of unoxidised 
silver, thus confirming the previous observation 
that a 90J» transmission film contains unoxidi zed 
silver. In the photographs the intense line 2.74A 
consisted of a broad line with two apparent intensity 
maxima corresponding to 2»75A and 2«66A. The silver 
diffraction lines at 2,36, 1,45, and; X.23A were 
rather intense and it appears likely that other 
phases &&  contributing to these lines. The low 
intensity of the 1.6ÖA line relative to the 1.45A 
line suggest8 that appreciable Ag^O is not present• 
It is also significant that» in contrast to the 
previous 90S» transmission tubes, the 3.40 and 3.21A 
lines have a relatively low intensity compared to the 
2.75A line. It is possible that some oxide 
decomposition may have occurred in the evacuated 
tube during the period of approximately one month 
between fabrication and x-ray powder sa-rnlirs;. It 
is also of some interest that the 1*60 and 1,61 lines 
have intensities which agree well with those observed 
in ozone, oxidation (see Table XXI), Otherwise there 
seems t-o be no essential difference between this tube 
and the glow-discharge oxidized films of the previous 
section. 

4,4 Chemical Sature of the 
Oxidation Products. -.        —:

;
:; -*r.W 

From the foregoing investigation it seems to be 
established that two solid silver oxides, not Ag20 
nor Ago, are formed in the oxidation of silver by 
osons, rf and dc glow discharge. A complete structure 
determination does not seem feasible on the basis of 
these data. Some progress toward an understanding of 
the general chemical nature of the products can 
nevertheless be made by utilising the chemical 
information which is available on the oxidation states 
of silver. This information is very briefly reviewed 
below and the connection with the present work is 
indicated. 
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trivalent J| irlväie-nt silver c^arocunds, 
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The oxidation state for silver is the normal 
one in silver compounds and is so well known that 
further discussion seems unnecessary. It seems to be 
established, however, that silver has oxidation states 
Of 4*2 and 4*3 in certain less well-known substances. 
We shall be particularly concerned with these higher 
oxidation states in what follows. 

The early literature on the hither oxidation 
states of silver is somewhat confusing es is indicated 
by reviews on the subject1 >?->. During the course of a 
number« of more recent investigations, however» the 
situation has been considerably clarified. In 1926 
Tost• studied the initial black silver oxide  _ . 
precioitate formed on reaction of ammonium persulfate 
with a silver «alt. The precipitate is a powerful 
oxidising agent, the oxidation number being compatible 

•with the existence of trivalent silver..^Further 
investigation on this subject by Carmen*" during the 
course of another investigation, showed that on standing 
the oxidation number of the black precipitate decreased 
to that eypected for 'divalent silver. This indicated 
a reaction between trivalent cilver and monoyalent 
silver to produce divalent silver. Later investigations 
showed that pure AgO could be prepared by treating 
potassium persulfate solutions with ^.lver nitrate. 
The method of de Boer and Van Groand2?was used in 
preparing the Ago sample whose powder diffraction pattern 
is given in Table VIII. As stated in Section k,l  the 
substance obtained is too strong an oxidising agent to . 
be a peroxide*    " 

fit7:"Z3Tb*'~production of trivalent silver in aqueous 
solutions bv means of o?,one oridation has been extensively 
studied by A.A. Koyes and collaborators1"»l9»20t21,22. 
By means of kinetic studies it was shown that production 
of a hydrolyzed trivalent silver ion (AgO*) is the first 
step in the oxidation in aqueous solution. The trivalent 
silver is then rapidly reduced to divalent, silver by 
reaction with monovalent silver. The oxidation of 
metallic silver by ozone has been studied, by Jirsa and 
Jslllnek*8 ->nd by Tronstad and Höverstad'-9. The products 
formed were found to defend markedly on the conditions 
of oxidation including the moisture content of osone2", 

-Both trivalent and divalent silver, in the form, of oxides, 
could be produced. An y-rav study of complex salts^O 
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has provided evidence for the existence of divalent 
silver in the solid state. 

The divalent and trlvalent oxidation states for 
silver seem well established and the corresponding . 
oxides AgO and Ag^O? ai*e to be expected. It has 
previously been pointed out in Section 4.1 that an 
x-ray powder diffraction,pattern has been obtained 
for the former but not for the latter in a pure 
form. It is not possible, therefore, to identify 
AggOj among the oxidation products by means of 
X»ray diffraction methods. Some additional information 
can b-> obtained, however, by me ans of a qualitative 
chemical study which is described below. 

k.U2    Chemical properties 
of silver oxide. 

djg ,%low djscnarge. 

It has not b^en feasible to undertake a 
detailed chemical analysis of the oxide formed during 
the glow-discharge oxidation of silver; however, 
several qualitative experiments-have been performed« 

A fow milligrams of the black high-voltage glow 
discharge oxide was prepared by repeated oxidation of / 
a silver sheet and brushinr off the loose surface 
oxide. This oxide dissolved in 1#N H^Sor to give Mi~w-*:*.,-^x 
deep brown solution. The acid solution gave no test 

The solid 
to Ip.r and 

«wv  '      i<w   rufji »      *u   «IUUXUJ.UU,    b.ia   oMQpQiio^vii   of   thS 
solid in water slowly reacts ttfith the evolution of a 
gas. If th«! solution is acidified with dilute 
sulfuric acid there is an initial vigorous gas evolution 
which is followed by a slow, steady rate of gas evolution. 

The chemical properties of the oxide described above 
are consistent with the assumption that the oxide formed 
in the glow-discharge oxidation contains silver in a 
valence state higher than +1. It is also of interest 
that when slightly oxidized thin evaporated silver films 
are rinsed with concentrated sulfuric acid, a reaction 
ocours during which a brown coloration is observed at 
the reaction zone. Thus silver in valence state higher 
than 41 is present even in thin oxidized silver surfaces. 
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In the first of "the experiments described above 
the silver sheet was not completely oxidized. It is - 
to be expected, therefore, that the oxidation product* 
are as dascribed in Section h»2 for silver wire. JProm 
the x-rav povrder diffreetion data of *Pfthle X and the 
discussion of Section 4*1 It appears that Ag20, «f^f 
and Vfb are the phases present. AgO if present at all 
must be in small amounts* The oxidising uower of the 
oxide must, then be due to tyi, if2 or both. From the 
chemical behavior of thin flimn and the known fact 
that thin films oxidized in the de glowdischarge 
contain mainly V2 te^ Ag, it appears that f%  Is a 
strong oxidising agent. This is farther confirmed by  . 
the behavior of oxide formed in the incomplete 
oxidation of silver sheet although in this case^i 
is also present. Ho conclusive direct evidence is 
found that fx *-s a strong oxidising agent. It seems 
highly likely that 1f^ is an oxidi^ing^agent, however, 
because either by osone oxidation at high temperature 
or by extreme rf oxidation (Section 4.3$) V\  is 
nrodüced. Since those conditions are such as to 
produce extreme oxidation it seeme verv likely that vi 
also contains silver in a valence state higher than Ti» 
Since there is no conclusive evidence for the presence 
of AffO we r.re inclined to think that both ft and ^o 
contain silver with valence +3 or higher, TO different 
crystalline modifications of AggO* might be involved, 
although no definite evidence is available to indicate 
this. Whatever the precise structures of the eolids 
may be, It certain^ seems to be established that the 
oxides formed are stronp; oxidising agents. 

*V3 OXIDATIOW AMD 
PHOTOSURFACB PROPERTIES 

During the investigation of the gross composition 
of the photosurfaee using radioactive cesium, significant 
results ware obtained relating the oxidation step to the 
photoelectric and thermionic emission of the photosurface 
Isee report no* 2 of this series)* The conditions for 
the preparation of a good infrar*d«»eensitive surface on 
a massive silver substrate had been «ell established at 
the time the tracer studies were undertaken» Consequently, 
a tube design for the tracer study of photosurface 
composition was adopted in which the photo surface was 
formed on a thick C 10,0001) evaporated silver film 
deposited on a microscope cover glase as substrate* 
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the 31-0s2CrQk pellet and mounting the tube in an 
oven at 190ÖC. The Sl-CsaCrO^ pellet, which 
provides metallic cesium after heating with an 
Induction heater, was contained In a aide tube 
connected to the phototube through a fine capillary 
which limited the rate of effusion of cesium vapor 
In the phototube* The thermionic emission during 
the cesium addition (which was slow because of the 
capillary constriction) was measured by connecting 
the tube to a vibrating reed amplifier Brown 
recorder unit« Fhotoemission was followed by 
intermittent illumination of the cathode with 
white light passed through Infrared filtere, the 
pootoeurrent being recorded as a current superimposed 
on the thermionic emission« The apparatus was so 
constructed that the variation of the photoelectric 
and thermionic emission with voltage could readily 
be determined• 

Subsequently a series of eight radioactive cesium 
tubes were prepared in which the Photoelectric emission 
and thermionic emission during cesium addition were 
recorded on the Brown recorder. With one exception, 
these tubes were characterised by the absence of 
thermionic emission and the presence of a conduction 
leakage current during the cesium addition. In 
addition 1 appreciable infrared sensitivity^ did not 
develop during processing of the tubes« The photo* 
response curves were characterized by a long wavelength 
limit of the order of $50 - 1000 KM, and maximum 
phetocurrent responses at 500 to 65O am* During the 
^reparation of the tubes numerous processing conditions 
were varied in an effort to learn the conditions for 
the production of a good infrared sensitive surface», 

Finally, after establishing that the difficult 
was not connected with the use of home made    • 
Si-CezCrOjL pellets containing radioactive cesium, it 
was concluded that the difficulties were associated 
with the silver base and the oxidation process» In 
the oxidation of the cathodes difficulties were  ~ 
encountered in forming a uniform oxide film during 
the glow discharge oxidation* It was found that 
a repeated oxidation and thermal decomposition process 
tended to improve the oxidation characteristics but 
did not appreciably improve the infrared sensitivity* 
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la the previous experiments the «liver base 
was formed by the evaporation of a 10,0O0A silver 
film« It was consequently of Interest te prepare 
thicker sliver film surfaces Which possibly would 
behave more like the massive silver cathodes. 
Cathodes were prepared using thicksr silver films 
and It was found, that "both Integral and infrared 
sensitivity were markedly improved. During the 
addition of cesium to these thicker film cathodes, 
the thermionic and photoelectric emission 
developed in a manner similar to that observed 
in the fabrication of massive silver cathodes with 
good Infrared sensitivity« In addition, it was now 
possible to produce consistently good Infrared 
sensitive tubes having a photoelectric emission 
maximum between 900 and 950 KM,and long wavelength 
limits greater than 1200 nyt« 

From the experiments it was not evident at 
this point whether the observed results were due 
solely to the change In the silver thickness, or 
whether there was an associated change in the 
aggregation of silver which Influenced the oxidation 
process.Sennet and Scott' have studied the effect 
of the silver evaporation rate upon the structure 
of silver films« In their experiments a rate of 
90A/SCS for a 180A film was considered a fast 
evaporation rate, and a 21„5A/minute rate for a 
UJOA  film a slow rate. Films evaporated at high 
rates contained particles whose sites differed 
markedly from those evaporated at low rates« In 
both eases particle sizes depended on the amount 
evaporated« Using these extreme rates as a basis, 
an evaporated silver cathode was prepared with a 
silver film half the thickness used in preparing 
the poor tubes« The evaporation time for this film 
was approximately ten hours compared to the 15 
minutes used in the preparation of the poor tubes« 
The cathode characteristics during the fabrication 
of the tube were normal, and a good infrared- 
sensitive surface was obtained. The photocathode 
so prepared was semitransparent« Thus good tubes 
could be prepared by either increasing the silver 
thickness or by changing the rate of deposition of 
the silver substrate» 

From the experiments quoted above, and 
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c considering the difficulties which hare been 
encountered in the preparation of aemitranaparent 
cathodes by evaporating silver ftime to 503» 
transmission followed by oxidation to 90S» 
transmission, it appears that the silver film 
structure and the subsequent oxidation step may 
exert a profound effect upon the final 
characteristics Of the photo surface* In the 
poor tubes (i.e. those baring low infrared       - 
«enBitirity) ihr diapacterlstlc absence of 
appreciable thermionic emission during cesium 
addition is all interesting fact. 

The experiments described above were 
performed on photocathodes of several thousand 
angstroms thickness, far beyond the critical 
thickness at which the merging of silver grains 
takes place« It would be of interest to have 
experiments at Hand to illustrate the changes which 
occur as the silver film thickness increases through 
the critical range« Such experiments have been 
performed by Morosov and Butslov3*. They first 
established, by means of auxiliary measurements on 
electrical conductivity, that grain contact is 
established In passing from silver films containing 
7 micrograms U*g) of silver par-square centimeter 

Ute film« which contain 14/üg/cnr. If the void 
volume were aero the thickness range would be 70 
to 1&0A* They then prepared photocathodes 
on silver films of graded thickness which covered 
the range fro» 7 to 14/feg/enr and beyond* the 
spectral response, measured at a point on the film 
containing 7 ^tig/cur of silver, had a maximum at 
450 mjtorwaveXength and a low infrared sensitivity a 
At lfcJi*g/om*the maximum had shifted to 750 m/M* 

- ^-   and the infrared sensitivity was greatly increased* 
a steady gradation occurred in the Intermediate 

: range* This establishes that an Inoresse in 
infrared sinsitivity accompanies the grain merging 
process *0 Worosov and Butslov'** state that beyond 
Xh /Ug/cmz no further change in spectral response 
takes place* In view of the experiments, 
previously described, on thick silver films we 
cannot, of course, agree that this is generally the 

 ...._.„_•.    case*. This does not mean that the results of 
Horosov and Butslov are in error* In fact we have 
repeated their experiment, with less care, and 
obtained similar results, although the results are 
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a»r® sensitive to processing conditions than was 
indicated by thesu There are probably £wp. effects* 
One sets in at small thicknesses and is connected 
with silver grain merging« The second effect mar 
occur at much larger thicknesses depending on the 
manner of preparation of the silver base« 

«e cannot at present go beyond these general 
statements* Our own experiments, on photocathodes 
prepared on thick evaporated silver filmst 
conclusively demonstrate that the preparation and 
oxidation of the silver base have a decisive 
influence on infrared sensitivity of the finished 
photocathode* It was recognized from the very 
beginning of the research that this might be so, 
but a demonstration was obtained only in the final 
stages of the investigation. As a result it now 
appears that still further investigation of the 
silver evaporation and oxidation would be worthwhile. 
Some suggestions for further study are described 
in Section 5*0* 

5.0 OJSCUSSIQll OP RESULTS. 
S00OSSTIOHS TOR FURTHER WORK. 

The investigation of the silver oxidation step 
was undertaken partly for the purpose of establishing 
methods of control in the fabrication of photoeathodes 
and partly in the hope that new process variables 
would be disclosed which might help to account for 
the poor reproducibility encountered in the preparation 
of Infrared-sensitivecathodes. The control methods 
adopted are not very different from those employed in 
the Industrial manufacture of cathodes and have been 
clearly described in the previous text* In this 
concluding section, therefore, attention is devoted 
to the description of those variables which might 
reasonably affect the finished photocathode. A brief 
appraisal of the present status of the problem is also 
included, together with some suggestions for further 
work.- .- 

In considering the possible factors which might 
Influence the finished photocathode it is important 
to distinguish clearly between these two: (1) the 
types of solid phases which are produced, and (2) the 
particle size for each phase* 
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C Attention in the present study, has been-devoted 
almost entirely to the first of these factors» In 
order to make headway on phase identification it 
has been necessary to lay aside the question of 
particle eise determination« As a result we have 
only qualitative information oa the sizes of 
oxidized silver particles. The x-raydiffraction 
Investigation of the products of oxidation reveals 
in all ctses an x~ray diffaction lin^spectru»«, 

^ The solids are therefore crystalline and have 
linear dimensions greater than 100A in all cases. 
*ven this conclusion must, however, be Viewed with 
some caution, «rain growth may occur after the 
sample has been taken for x-ray analysis., For 
grain contact is more intimate in the powder sample 
scraped from a film than in the original film, and 
considerable periods of time usually elapse before 
x-ray photographs are completed» Grain growth is 
undoubtedly possible under these conditions. 
This is especially true for thin films oxidized in 
a dc glow discharge since the particle size is very 
small in the film before sampling. A case has 
already been mentioned in which grain growth of 
silver particles did take place* In ozone oxidized 
films the particles were already of considerable 
sise before the sample was taken so subsequent grain 
growth is probably of less importance» Finally it 

:     must be emphasized that in the dc glow discharge 
oxidized films the saraoles were njst heated above 
room temperature. In preparing a photosathode the 
oxidized film is heated to a high temperature 
(ranging from 150°d to 190°C depending on the method 
of preparation) before adding cesium. This is a step 
which seems certain to promote grain growth. 
If the objective is to obtain information on grain 
size immediately prior to cesium addition then the 
oxidized film should be preheated. This has not 
been done in our experiments* Despite the 

•"It is also possible that grain growth may occur in 
the original film on standing if the particles are 
very fine. It is not unusual to observe changes 
with time of electrical conductivity of thin silver 
films. Such behavior has been repeatedly reported 
by other investigators. 
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uncertainty which «prises on account of the above 
t factors there is, nevertheless, considerable 
" information available on particle sisea in silver 

films since other investigators have studied this 
question« There is, moreover, considerable 
evidence which indicates that particle size and 
size distribution in the original silver film 
can influence not only the sizes of the silver 
oxide particles produced but also the oxidation 
products. Factors (1) and (2) above are, 
therefore, interrelated in a complicated way. 
Before returning to further discussion of this 
point a brief summary of the facts is in order« 

As far as the type of solid phaso is     • 
concerned, the thickness of silver base seems to 
be a variable of major importance» This shows 
up very clearly in the ozone oxidation of silver 
films of graded thickness. It also appears when 
we contrast the products obtained on the oxidation 
of silver wires with the dc glow discharge 
oxidation of thin silver films. In the oxidation 
of wires the supply of silver is never exhausted, 
so conditions are similar to those which prevail 
in the preparation of photocathodes on a massive 
silver base. It is found that Ag20, tp^ and % 
phasesare all formed with Ag20 next to silver 

|H and tf^, V2 further out. In the case of thin silver 
w films with 50% transmission oxidised in the dc 

glow discharge to 90S» transmission residual silver 
is found in the oxidized film. There is no 
evidence for the presence of either Ag?0 or Tx 
solid phases, however. Under the condxtions which 
we have used for oxidation there is undoubtedly 

:„..__. _  ..a-difference,.between the solid phases produced by 
oxidation of a massive silver base and a 50$ 
transmission silver film. It is not particularly 
surprising, therefore, that the final photocathodes 
should be different, although the precise 
mechanism by vhich the difference arises as cesium 
is added to form the photocathode is not known. 
It has been consistently observed in our preparation 
of photocathodes that those prepared using a massive 
silver base have higher infrared sensitivity than 
those prepared bv oxidizing a 50% transmission 
silver film to 90% transmission. This statement 
applies whether the thin film'oxidation was performed 
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using an rf glow discharge, an intermittent 
discharge produced by repeated discharge of a 
high voftage condenser, or a dc glow discharge* 
Judging from the commercially manufactured 
photocathode3 which we have tested, both massive 
and seraitransparent, the differences between 
massive and thin cathodes which we obtain are 
much greater than are normally encountered in 
the commercial fabrication* This occurs despite 
an attempt on our part to follow the commercial 
procedure* The massive cathodes which we hare 
prepared by carefully controlled methods usually 
have higher infrared sensitivity than the 
corresponding commercial product, but the 
semitransparent cathode has a much lower infrared 
sensitivity than the commercial cathode» This 
suggests some difference in our processing method 
from that used in commercial practice, but thus 
far we have not found the reason for the difference. 

As was emphasised in Section 4.5 the thickness 
of silver base can affect infrared sensitivity in 
two ways. The first is connected with silver grain 
raer.cing and occurs at small thicknesses* The second 
extends to much greater thicknesses and appears to 
be of a different character. The effect of 
evaporation rate sug.^sts that grain size rather 
than grain contact is a factor in the second case. 
A slow evaporation is expected to result in larger 
grains* The fact that high infrared sensitivity 
is thereby obtained is certainly suggestive. 
Confirmation is provided by the fact that high 
infrared sensitivity is invariably obtained in 
massive cathodes with silver sheet, containing very 
large grains, as the base. 

It is suggested above that both grain contact 
and grain site in the silver film have an influence 
on the resulting photocathode. The first of these 
seems to be established while the second is 
tentative* We now consider how these two factors 
affect the oxidation products. It has been amply 
demonstrated that the nature of the oxidation 
products changes markedly on passing through the 
region in which grain contact is established. It 
is also possible, however, that silver grain size 
may affect the oxidation products further, even 
though grain contact i3 established. This 
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possibility arises as follows« Investigation of the 
oxidation of silver wire indicates that oxidation 
proceeds »st rapidly along «rain boundaries (see 
ref# 1)# Since evaporated silver films contain 
much smaller grains than massive silver wire or 
sheet, which Is drawn from the product crystallising 
fro« a nelt, It follows that small grains are quickly 
surrounded and oxidized to completion. During the 
intermediate stages of oxidation of a given grain 
several layers probably form• A core of uaoxidized 
silver is expected to be surrounded by a sheath of 
Agjp and further out a sheath of {ft* T2* If the 
silver supply is exhausted then AgjO is also further 
oxidised to Ha, tfg. This tentative picture suggests 
that the proportion of Ag20 depends on silver grain 
size even though grain contact is established» It 
would be of considerable interest to extend the 
x-ray investigation to thick evaporated silver films 
in order to test this point» No new techniques are 
required for this investigation« The suggestion 
that silver grain sise may control the nature of 
the oxidation products seems to us worthy of further 
study» tor It is certainly true that two oxidised 
surfaces which contain chemicals of widely different 
properties Just prior to the addition of cesium 
cannot with any certainty be expected to contain the 
same oxides of cesium after processing is finished» 
This is especially true since Ag20 

ls a ^«h weaker 
oxidising agent than either v*i or fy»    Moreover» 
eight different cesium oxides are known so final 
product Is by no means assured» 

In the above discussion the nature of the 
oxidation product has been emphasised» The particle 
sise of the oxidation product just before cesium 
must also be considered» Here we have so little 
information that no conclusions can be drawn. In 
view of the remarkable effect of silver grain 
isolation on the products of oxidation it certainly 
seems necessary to investigate the particle size 
before cesium addition» There seems, however, to 
be little point to speculation on the probable 
outcome until experimental data have been 
accumulated» 

In our past thinking we have usually assumed 
implicitly that impurities arising, e.g. from 
vacuum pumps or traps, could affect a photocathode 
because adsorption on or reaction with the surface 
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brought about a change in work function. This 
conception assumee that a vary ataall amount of 
impurity affacta the photocathode aftar i£ haa 

bean prepared. The nucleation concept, 
discuss« Lscuaeed in connection with silrer oxidation, 
leads us to ask. however, whether an equally email 
amount of impurity Might affect the photocathode 
by acting during the very first step in the 
preparation, namely the silver evaporation« An 
impurity might influence the course of subsequent 
chemical reaction if nucleation is involved» 
This suggestion opens up 3ome distinctly unpleasant _ 
possibilities« It should be possible, however, 
to experimentally test this point by studying the 
influence of impurities which might be added to 
the silver before evaporation, evaporated on to 
the substrate before silver evaporation, or 
added in gaseous form to the vacuum chamber in 
which evaporation takes place. A deliberate 
program of investigation whose purpose is alteration 
of the silver base would be of considerable Interest. 
Preheat treatment of the silver base both before 
and after oxidation would also be of interest and 
a more systematic study of process variables In the 
glow discharge oxidation, particularly the pressure, 
might well be included. 

{'") There is apparently no lack of possibilities 
for investigation. The only question is whether 
the possibilities show sufficient promise to make 
the investigation worthwhile. It appears to us that 
further study of the silver base shows promise« In 
other cases the situation is not sufficiently clear 
to permit a definite statement. 
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0: APPENDIX I 

OXYQEN PRESSURE MEASUREMENT 

In the experimental investigation of the 
preparation of the S-1 photosurface it was      - - 
necessary to be able to measure rather small 
differences in pressure in the range from 0,1 

^ tymM^^^K^^rWf^§t    The pressure measurements were 
performed using two micro Pirani gauge tubes 

-.,.  designed by Or» 3. Naiditch while working for 
The Ohio State University Research Foundation. 
Since the gauge units developed have proven 
very satisfactory it seemed desirable to describe 
the two systems in detail. The micro Pirani 
gauges for vacuum systems I and II are described 
in  the following sections A and B respectively. 

A. MICRO PIRANI GAUGE FOR 
VACUUM SYSTEM I 

The construction of the micro Pirani gauge 
tube.s which were used in the pressure measurements 
is shown in Fig, 15. These gauge tubes are quite 

<m. stable over long periods of time in the measurement 
M of oxygen pressure in the range 0*1 to 1*0 mm Rg» 

To reduce the temperature fluctuations of the 
Pirani tubes they were surrounded by a Dewar 
after being attached to the vacuum system. 

In vacuum system I the pressure was measured 
using the unbalanced Wheatstone bridge circuit shown 
in Fig. 16. The procedure followed in the use of 
this gauge was as follows s The bridge is initially 
balanced with the 500-ohm Helipot to give no 
galvanometer deflection with the open Pirani tube 
at atmospheric pressure and the galvanometer shunt 
Potentiometer in the high sensitivity position. 
fter balancing the bridge, the 100-ohra shunt 
shifted to the low sensitivity position and the 
Pirani tube is evacuated. After introducing oxygen 
to a pressure greater than 0.3 mm Hg the 100-ohm 
shunt is shifted to the high sensitivity position 
and the galvanometer deflection used to determine 

v. - the pressure*. 

Ulis Pirani gauge was calibrated using an 
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octoil-S manometer for which 1 mm Hg was 
equivalent to H.9 mm of oil. Two sets of 
calibrations for this gauge are shown in Pig. 17. 
From the data it is evident that in the period 
from August 11, 1950 to February 25, 1952 there 
was no significant change in the calibrations. 
For the pressure range from 0.3 to 3.0 mm Kg the 
calibration eurve is well represented by the 
equation      ^ »0*926* ^.f 
where 8 is the galvanometer deflection in 
centimeter and r the pressure in mm Hg. 

The principal source of error in this 
gauge unit arises from the method of calibration» 
It is probable that the absolute pressure could 
be In error by as much as 0.05 mm Rg. However, 
the measured quantity of Interest is the difference 
in oxygen pressure, and this should be accurate 
to approximately 5 microns« 

B* MICRO PIRAKI QAUQB FOR 
•ACmW STSTEM II * 

For the tracer photosurface composition study 
It was desirable to measure the oxygen deposited 
during the oxidation as precisely as possible» 
Therefore, a more precise system far using the  - 
micro Pirani tubes was developed. 

The circuit consisted of a balanced Wheatstone 
bridge circuit as shown in Fig. Id. The variation 
of the micro Pirani sensitivity with the input 
voltage to the bridge is shown in Fig« 19» The 
deviation of the .2.0 volt curve from the family 
may be due to experimental error. The gauge 
voltage chosen for routine operation was 3*0 volts* 
In operation the gauge has a sensitivity of 1.7 em 
galvanometer deflection per micron at 1 meter scale 
distance for the pressure range 0.6 to 0.9 mm Hg, 
and approximately 6 cm per micron for the range 
O.J» to 0.6 mm Hg. In actual operation the 
galvanometer was used as a null instrument and 
readings were taken from Helipots in the lower 
left arm of the bridge as shown in Fig. IS. 
These readings are used on axos in Fig«. 19 and 
21. 
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The sensitivity of the ^auge can be Increased 
by placing the tubes in a liquid-air bath but this 
marked increase did not seem necessary* The gauge 
was actually calibrated at each tube fabrication, 
and slight temperature fluctuations had no great 
effect» The calibration ofa fixed ohm point 
at several temperatures is shown inFig, 20 and 
several calibration curves at different temperatures 
are shown in Fig. 21. The numbers at the points 
indicate the date and phototube, number« 

Ihc resistors shown in the bottom-left 
of the bridge in Pig» Id were Helipots* The 
1000-ohm resistance was set every 10 ohms and the 
10-ohm Helipot was read to 0,01ohm but was stable 
to only 0,1 ohm« The 1000-ohm resistor at the •—-,- 
bottom of the bridge could be switched in or out 
of the circuit to change the range of the gauge* 
For this work the resistor was always in the circuit* 

The gauge was calibrated as follows, referring 
to Fig* 22 of the vacuum system* 

An absolute pressure point was obtained by 
introducing dry oxygen through the tower into both 
the manometer and the micro Piranl calibration bulb* 
For Fig* 22 this means that stopcocks (1, 2, &, 5) 
are closed and (3, 6, 7,  6* 9, 10) are open. After 
adjusting the pressure to lO - 11 cm Hg the stopcocks 
(3» 6, 7, #, 10) are closed. The micro Pirani 
calibration bulb volume waa measured using mercury 
and was found to be 10*01<n£ including stopcock (3l* 

Stopcocks(1, 4) were opened and the system 
evacuated« After complete evacuation stopcock (1) 
was closed. Stopcock (3) was now opened and the 
lä.Ol'v»* of oxygen at the original pressure d*ll cm Hg) 
was released into the system which included the 
approximately 2-liter bulb and the bulb for volume 
determinationt but not the manometer. The actual 
volume of the two liter bulb was 2075 *6«*§, From 
the initial volume and pressure and the final 
volume, the final pressure may be calculated* The 
micro Pirani is read at this point and the calculated 
pressure is assigned this ohm reading» 

Stopcocks (3* k» 9) are now closed and stopcock 
(2) is opened« thus evacuating the micro Pirani 

•_: i. L'-'^ßiÖCPfiteHoas*^ 
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wiuiiei henae, the final pressure «ay be calculated 

provide» additional point» for the calibration 
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,..-. —   APPENDIX II 

DESCRIPTION OF MICROSTRUCTURE AND OPTICAL 
PROPERTIES OP OZONE OXIDIZED FILMS 

The results of the microscopic examination of 
the filme may be summarized by describing the 
variation in microetrucstore of oxide as a function 
of thickness« In the discussion of the individual 
samples the terminology "blister oxide1* describes 
a black oxide film which formed as a blister with 
a continuous micro structure. The * granular oxide" 
corresponds to black oxide grains which usually 
have a roughly spherical shape and are separated 
by voids of appreciable size compared to the particle 
size. The "continuous film" refers to a structure 
observed in the thin portion of an oxidized slide 
and which consisted of an unoxidized silver film 
more or less bonded to the glass substrate. The 
small oxide particle which at hhOX  apparently 
rested on the continuous film actually may not have 
made contact with it* The microstructure around 
an oxide particle on the continuous film could not 
be resolved at magnifications of 600X or less* 
Microscopic examination of the silver films before 
oxidation revealed a continuous silver film having 
no marked microstructure. 

Film A.  f2LO,«Anate Ag evaporation. 2flOC 
oxidation*Region 0-0*8 consists of a blister 
oxide on top of small isolated oxide grams« Region 
0.8 - 1.3 is a "lace-like" granular oxide with 
large voids and relatively high transmission. 
Region 1.2 -1.6 is a semicontinuous oxide film 
with rather few voids. Region 2*0 - 7.0 is a 
continuous film with oxide granules dispersed 
on the surface. These oxide granules decrease 
in size and number per unit area with decreasing 
wedge thickness. 

Film B, (25-minute Ag evaporation. 28°C 
oxidation)• Region 0-1 consists of the blister 
oxide on top of small isolated oxide grains. From 
1.0 to 2.5, granular spheroidal-shaped oxide 
particles with decreasing size as the film thickness 
decreases, void area small. From 2.5 on, fine 
particles at 90X with relatively large voids. , 
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From 5*0 to d.O the particle sise of the oxide 
grains which rest on a thin silver film is 
invariant (4401) but the number per unit area 
decreases as the silver fila thickness decreases« 

C, 
MLon 0 to 1 consists of the blister 

a 

le on top of a granular oxide with background 
ofMinute oxide particles. From 1 to 2 the film 
consists of small uniform granules with appreciable 
void volume« At 2.0 the film becomes continuous 
with small aggregates of oxide present on the 
surface* Prom 2.5 to 3.5 there are small isolated 
islands of black oxide plus a uniform distribution 
of small grains on top of a silver film. From 
4.0 to 3.0 small oxide particles (440X) are 
distributed on a silver film substrate« 

[^-minute Ag evaporation, 100°C 
ü region 0 to 1*0 consists of large 

0 spheroidal granules of oxide with a 
large number of very small particles dispersed 
between the granules« From 1 to 2 the structure 
consists of close-packed uniformly Biased spherical 
grains, the sises of which decrease as the wedge 
thickness decreases« From 2.5 to 3*0 there is a 
continuous film substrate for the small (440X) 
oxide particles« The particles appear to be more 
closely pakced than in Film C. 

oxidation,}» Region 0 to 1.0 consists of large oxide 
granules with appreciable void volume« From 1 to 3 
the else of the granules decreases with rather 
large voids relative to the particle siee» From 
3 to 4 the samll particles are close-packed while 
beyond 4 the particles are dispersed on a continuous 
film and have a rather small uniform particle sise— 
at 440X. 

'M  jjtiUEi -jggsateäSSf A*. evaporation, 3A0°C 
oxldatioa)»Fron 0 to 3.0 the film consists of 
oxide granules whichdecrease in sise as the thickness 
of the silver decreases« From 3*5 to 6.0 the film 
appears to consist of a continuous silver film with 
small (4401) spheroids of oxide resting on a 
continuous film« 
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lar to "F* 
160°C 

» 

oxidation) *Stellar to T but fine particles on 
continuous film starts at fc.O. 

on a 
sis« 

uniformly decreases from 0 to 4.0 with a narrow 
eise distribution at each segmant across the sTLide, 
The void volume 0 to 4.0 is rather small. 

, gUftJk tZS-alnute Ag evaporation. 200°C, 
oxidation)* • Oranular oxide for the full length of 
the wedge« The presence of a thin silver film at 
the thin section could not be definitely established 
at WfOX. The site of the granules decreases 
regularly as the thickness of the initial silver 
wedge decreases. 

l%to  Ji J9*5-nl•*%%.*Z  evaporationt 23°C_ 
oxidation)* For the thick silver region of this 
slide \Wym T) the surface was characterised by the 
formation of a thin blister oxide which peeled and 
thus exposed a fresh silver surface to the 0« 
which then in turn oxidised and peeled. The adhesion 
of the oxide to the silver was poor, and after 
oxidation a thick silver film remained at the thick 
end* In the intermediate region the oxide structure 
changed to a granular "lace-like" network of oxide 
grains. In the thinnest portion öf the surface the 
oxide grains were rather close-packed and very small. 
There was no evidence of a continuous f "lmt and 
oxidation appeared to have occurred over the entire 
surface of the silver film* Depending upon the oxide 
structure present, there is a systematic variation 
in the transmission, tha "lace-like" regions being 
the highest» the granular oxide in the thin regions 
nexty and the blister oxide regions are opaque. 

The mlerostruoture of the films is correlated 
with the variation in the transmission of the wedge 
with wavelength and distance along the wedge. The 
transmission for the rather coarse granular oxide 
at the thick portion of the film is independent of 
the wavelength, the transmission being a measure 
of the void area. When the coarse grain structure 
changes to a semicontlnucus film with email black 
oxide granules, the transmission tends to increase 
with increasing wavelength for the range 600 to 
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100Q»M** The actual form of the curve depends 
upon the structure and distribution of the oxide 
grains on the surface. In the eases where the 
transmission increases with wavelength for the 
very granular portion of the film (0 - 2,0 cm) 
there are very small oxide particles dispersed 
between the large grains« In the transmission 
versus thickness curves of Figs* 10, 11, and 12 
the maxima and minima in the transmission between 
0 and 3.0 are related to the changes In the 
structure and packing of progressively small»sise 
oxide grains. The optical properties beyond 
3,0, however, depend upon the amount and 
distribution of residual silver as well as the 
eise and distribution of oxide grains. 

The transmission data indicate that 50JC 
transmission silver may be o«one oxidised at room 
temperature and 100°C to give films with 909» 
transmission. Films oxidized at temperatures 
above 100°C showed less than 90jl transmission 
at the region originally showing 505» transmission. 
However, since the variation in the transmission 
of the film during the oxidation was not studied, 
it cannot be definitely stated that silver cannot 
be oxidised from 50 to 90 percent transmission 
at the higher temperatures« 
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APPENDIX III 

MICROSTRUCTURE OF RF OXIDIZED FILMS 

It has beeu reported by Borslak and Morguli**^ 
that a glow»discharge oxidised silver wedge formed 
on a glass substrate exhibits several maxima and 
minima in the reflection coefficient iK" $QQmpJ 
with increasing thickness of the wedge. Their film 
exhibited a completely clear interference picture 
corresponding to lines of equal thickness. To obtain 
a verification of these results a tube was prepared 
In which a silver bead was evaporated from a central 
electrode to give a wedge-shaped cylindrical silver 
deposit on the tube wall which was thickest opposite 
the silver bead and thinnest at the remote end of 
the tube. The silver was deposited in 15 seconds 
with the pressure in the eyvtem less than 
2 x 10~° mm Hg. 

After introducing oxygen into the system to 
P02 s» 0.705 mm Hg, grounding the anode» and placing 
a Cylindrical aluminum foil electrode around the 
tube, the rf generator was turned on and the film 
oxidised to Pp2»0.365 mm Hg. In the thin film 
region the silver appeared to have been completely 
oxidized, but the region near the oxidised Ag - 
massive Ag boundary showed very brilliant colors 
by reflected light. More oxygen was introduced 
to give P02»0.880 mm Hg and the film further 
oxidised to P02 * 0.610 am Hg. At this point the 
silver had been oxidised so that the demarcation 
between oxide - Ag was opposite the Ag bead. 
After evacuation, the tube was tipped off the 
vacuum System. 

By reflected light the film showed a pattern 
of circular bands the colors of which varied with 
the distance from the silver bead level. A 
schematic diagram of the variation of visual 
transmittanee as a function of wedge thickness is 
shown in Fig. 13. The colors observed by 
reflection and transmission at the various 
numbered points of Fig. 13 are given in Table JXSL» 
No pronounced spectrum was observed by reflection 
from the air-oxide interface. 
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TABLS XXB. 001483 0&3OTED A* D3SIQKATEP 
FOIiffS OF FlO. 13 FROM ÄF 
0XIDI26D SILVER WSBGS 

• -.'.• • '*-•• -." - K  y itfß&ü••    •'""* 

Point Re£i*etion at \ \ Trananitted-:^^^? 
Fig. 13 Qlacs-Oxide Interface « •'^VL^^rM-m- •:-:-:• 

& «assite Ag 
[•:.  : .'•-• 'typ-? •-%%•• • 

none 1 ,^ black -   yellow 
*•'•:".. red to yellow oars Drown 

P : yellow to green 
blue to red 

grayiahyello*  -i 
red brown      *,s 

1 red to orange yellow green    •• 
orange gray green 

light green t orange to yellow 
ö 
9 

10 

yellow to green 
green to light blue 
blue to rod 

pink 
light yellow 
pale yellow 

u black pale green 
12 blaek blue 

f .'"•-'• 

( ) no 



© 
Examination of the film at 9QK with transmitted 

light showed that it consisted of a yellow transparent 
matrix in which were embedded minute particles of 
some material (possibly Ag). The density of small 
p&rtieles was greatest in the regions of minimum 
transmission frig« 13) and least in the regions 
of maximum transmission* Careful microscopic 
examination at 10CX of the yellow transparent regions 
near the massive silver demonstrated that the 
particles in the yellow matrix are uniformly distributed 
in depth« The else of the particles decreased in the 
order of region 2, 4, 6, S« Individual particles could 
not be resolved in region 10 and beyond» 

Since the colors of the surface are not very 
dependent upon the angle of incidence of the lightt 
it is probable that the optical properties are related 
to a light absorption and scattering process« It is 
indicated in Part II of this report series that the 
oxide surface formed by oxidation of silver from 
50 to 90j6 transmission exhibits a yellow color. From 
the data it is evident that the relationship between 
color changes accompanying the rf oxidation and the 
thickness of the oxide film is not a simple one« It 
is possible that the color changes are a measure of 
the*distribution of small particles in the oxide film 
and not really a measure of the film thickness in the 
sense of the conventional interpretation of interference 
colors. Definitely, the optical properties of an 

^rc.ply ££la&|d to the ü ££ oxld^ed film &££ no£ s^ply related $& the ^lyer 
surface structure« An x-rayaiffractlon characterisation 
of this type of rf oxide surface would undoubtedly 
provide information of value to the understanding of 
the oxidation mechanism« 
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